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ABSTRACT

ABSTRACT

Throughout the years, many studies have been carried out on engines with every effort to

save fuel, reduce emissions and produce more power. Turgecbbave been developed

and installed in the exhaust system of an engine to use exhaust enf@sbhwting power

within an internal combustion enginehich would otherwise be wastethe turbocharger
characteristicsare essential to determinés performance. There are three stagesain
turbocharger, namely being, the turbine stage where energy is edtfaatn the exhaust

gases; bearing housing where energy is being transferred to the compressor stage; and the
compressor stage where ambient air is drawn in and compressed to increase the fluids density
and pressure prior to being delivered into the intlstem.The compressor stage consists of

four main components, namely being, the inducer, impeller, diffuser and volute.

The voluteof a turbocharger compressor is tihed most important component within the
compressor stage and has therefore, not received the attention that is. hmdeder,
manufacturers are continuously seekitogobtain a realistic design methodology where
variables exposed in real conditions, such as frictional effects are accountedaniormise

losses during performancior this reason, it is essential to develop a thorough understanding

of the flow phenomena the turbocharger compressor stage experiences under steady and
transient conditions from a macroscopic level to a microscopic level. This ceeatd&l

foundation for conductinthe presented research.

In this study,a realistic design methodolodwgr a turbocharger compressor volute has been
presented Detailed qualitative and quantitative flow field analgsef the turbocharger
compressor stage have been numericablyried out under steady and transient flow
conditions using Computational Fluid Dynamics (CFD) based techniquése numerical
investigations carried out in this study allow a clear visualisation of the flow structure within
the turbocharger compressor stagelute which males it a cost effective method to
undetake this research studipproximations have been @ented to design treymmetric

and asymmetric type volutes, which have been applied into practice and analysed under
steady and transient conditions to validate the presented compressor volute design

methodology for turbocharging applications.
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CHAPTER ONE: INTRODUCTION

CHAPTER 1
INTRODUCTION

Turbochargers are primarily used for engine downsjzimggich mears that instead of

having a largeicapacityengine to boost powen turbocharger is fitted on the same size
engine to generate the same amount of power as a larger cagagiig. This research
projectfocuseson the compresor side of the turbocharganore specifically, itssolute In
order to gain alear understanding and a solid foundatiortusbocharges and their flow

characteristicshis chapter explores the turbochargesr compressor stage and its volute.
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1.1 Turbochargers

The turbocharger was first developed by an engineer from Switzerland, Alfred Bichi,
between the years of 1902 to 1912; however the work of the turbocharger was not established
until 1925 [4, 5]. Figure 1.1 provides a graphical representation afstandardinternal
combustion engine depicting its standard componentyre specifically, identifying the
location of the turbochargeifhe turbine sie of theturbocharger is mounted between the
exhaust manifold and the tail pipe of the exhaust systéite the compressor side of the
turbocharger is mounted between the air cleaner and the intake manifold of the €hgine
purpose of a turbocharger is to generate noatput power for higher engine efficiency and
performance by using a forc@&aduction process to increase the air density and force more

air into the combustion chamber. Turbocharging is used for numerous reasons, such as:

x To improve therral efficiency by recovering the energy generated from the exhaust
thatwould otherwise been lost

x To generate more power from the engine by increase the density of the airdcihh a m
more rapid air intakegesultng in improved engine performance.

x Engine downsizing in that instead to having a higtegracityengine which is of
higher weght bearing, the same size or lovoapacityengine can be used boosting
the same amount of power as the bigger engine.

X BHGXFHV IXHO FRQVXPSWHRBORHRAILWRY DRGC BE&E WR
engines.

X Optimises boost, power and performance to the system improving fuel efficiency,

which in turn reduces total cost

In order to understand this research based stiidg important to understand the entire
process of what a turbocharger is, how it operates and what is its prime purpose. Since
turbocharging was developed to enhance engine performance through generating more
power, the fundamentals of how an engine operates is elabdoat@vide a basdor

empoying a device as superior as a turbocharger
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Figure 1.1 Schematic Diagram of an Internal Combusttemgine[ 6]

1.2 Construction of a Turbocharger
Figure 1.2 illustrates the main components of a turbocharger whilst Thildefines these
components so that clear understagaf the individual component and its operation within

the turbocharger is established.

. Turbine wheel (impeller)

. Turbine hausing {valute)

. Exhaust gas inlet port

. Exhaust gas outlet port

. Compressor wheel {impeller)
. Compreassor housing (volute)
. Forged steel shaft

. Ambient air inlet port

. Compressed air outlet port

Figure 1.2 Turbochargel{ 7]

e v e I B o T, - R B I
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Table1.1 Main Turbocharger Components

COMPONENT

DEFINITION

Exhaust Inlet Port

Entrance for exhaust gases to enter the turbocharger from the er

Turbine Volute

Exhaust travels through this housing to the turbine impeller.

Turbine Impeller

Turbine wheel that spins rapidly creating momentum.

Exhaust Outlet Port

Exit for exhaust gases from turbocharger into the exhaust systen

Shaft

Forged steethaft connected to the turbine wheel and the compré
wheel. The momentum of the turbine impeller travels along this

driving the compressor impeller.

Compressor Impelle

Wheel driven by the forged steel shaft through momentum, dra

ambient air into the system

Air Inlet Port

Entrance for the ambient air to enter the turbocharger.

Diffuser

This can have vanes or be vaneless. Air passes through the d
converting kinetic energy into pressure energy and directs it int

compressor volute.

Compressor Volute

Air travels through this housing to the air outlet port.

Air Outlet Port

Exit for compressed air from turbocharger into the intercooler

into the engine.
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1.3 Operation of a Turbocharger
The operation process diagram of a turbocharger within the internal combustion engine is

illustrated in Figure 1.3.

Figure 1.3 Diagram of Turbocharger Operatior8]

On the turbine side, the exhaust gas wischvasted power in engines without a turbocharger

is directed into the turbine inlet at high pressures and temperatures. This exhaust gas is the
working fluid on the turbine side of the turbocharger. From the turbine inlet, the fluid travels
through the drbine housing, guiding the flow to the turbine wheel. The fluid hits the turbine
wheel at a high velocity, makinpé turbine wheel rotate athigh speed converting pressure
energy into mechanical energy. The turbine wheel is connected to the compressor wheel via a
shaft. The high speed rotation of the turbine witeghtes significant amount of momentum,
producing the power required to drive the compressor wiéa. flow exits the turbine

wheel and travels into the exhaust sysfén8, 9]

As aforementionedhe compressor side is connected to the turbine side via a forged steel
shaft. This shaft links the turbine wheel to the compressbeel andpasses through the

bearing housing, which is lubricated by oil. This oil acts as a coolant since it removes the heat
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generated by the turbine. At both ends of the bearing housing, there are specially designed oil
seals that withstand extreme gsares and temperatures produced by the turbocharger, and

help ensure that oil does not leak into the compressor or turbine housing.

On the compressor side, momentum of the transferred energy from the shaft, which is
generated by the turbine side to drie compressor wheel, draws in ambient air into the
compressor inlet at high velocity and low pressure. This air is the working fluid on the
compressor side, which is compressed as the compressor wheel rotates at a rapid rate. The
fluid travels through the passages of the compressor wheel bilagasting kinetic energy

into the fluid The fluid enters the diffuser a high velocity which decreasesside the
diffuser, prior to exiting into the compressor housialgo known as volute or collectdrhe

diffuser transforms the kinetic energy in the flow to potential energy as a form of pressure,
which is known as thaliffusion process.This process is completed ldecreasing the
tangential velocity by increasing the radif&0]. In the volute, this diffusion process
continues further through its spiral geometry, increasing the pressure and decreasing the
velocity. Theambient air is dnan in at an ambient temperature; however, it exits at a high
temperature reducing its density at the compressor oltlerder to improve efficiency of

the enginevia the air intake, the fluid from the comprespaisses through an intercogler
increasing the density. The intercooleses air or water to cool the high temperafiul

prior to entering the engine. Once this compressed air enters the engine |ésehabengine

to burn fuel more efficiently, enhancing the engine performance.

1.4 Turbocharger Stages
It is important to understand the fundamental concepts of a turbocharger and for this purpose
each stage of the turbocharger system will be elaboratedtief detail. There are three

integral stages within turbochargé¢dd. These are:

X Turbine Stage
X Rotor Bearing Housing Stage

x Compressor Stage
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1.4.1 Turbocharger Turbine Stage

Nozzle

Turbine
Volute

Turbine
Impeller

Outlet

Inlet
Figure 1.4 Turbocharger Turbine Stagd 1]

Figure 1.4 depicts a turbocharger turbine stage identifyingcamponentsExhaustgases
expelled from the engine travels througlke exhaust manifoldo enter thenlet of the turbine

stage Once entering the turbine stage, these gassdirected into the turbine housing. The
turbine housing can be eith@single-entry volute or twirentry volute. Asingleentry volute

is as shown in Figur&.4 and is ideal for high engine speed#is is advantageousnse it
provides DS SUR|[LP DWrake \specific fuel consumption (BSFC) at rated speed
conditions and increags the turbine #iciency by approximately 3 . However, its
disadvantage exists in its poor transient response. Adntity volute has two pasges to
separate the front cylinders of the engine from the rear. This is considered to be better suited
for low engine speeds and traerd response. This is advantageous since it provides
DSSUR[LPDWHO\ %6)& DW SHDN pRtidd effectsan@ie bsadltdeR Q V. F L
enhancestageperformance. However, it is not ideal for when there is a great deal of flow

travelling through the wastegaé |

When exhaust gases travel into the housihgs directed through the sliding nozzied
nozzle vanes onto the turbine impell€he sliding nozzlalters the inflowopening onto the

turbine impeller which increases the boost as the nozzle cloBesreasing this omeng
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causes the exhaust manifold pressure and the turbocharger speed to increase. As the nozzle
opens, there is a decrease in exhaust presausnghe turbocharger to produce rapid boost

at low engine speeds and then maintain high boost at higher engine 3peedszzle vanes

slide axially to ensure maximum durability and reliability. These vanes are fixed in the best
position producing the angle of attabtlr the exhaust gases to travel throutle blade
passage of the turbine impeller. This, in turn increasbge average turbine efficiency

throughout its operating range. The shroud plate seals the vanes and the turbing4pusing

When exhaust gases flow into the turbine wheel, the gases cause the impealadlio
rotate,extractingenergyfrom the exhaust gasesd converting it into mechanical energy by
transferringit through theforged steel shatb drive the compressor whedfter the energy
has been extracteat the turbine impellerexhaust gasesxit the turbochargethrough the

outlet of the turbine stagend is directed downstreamhthe exhaust syste].

1.4.2 Turbocharger Rotor Bearing Stage

Figure 1.5 illustrates the bearing system of the turbocharger.

Bearing Housing

Journal

Tur
pressor

Figure 1.5 Turbocharger Bearing Systerh]]

The rotor bearing system is located in the bearing housing of the turbocharger. It connects the
turbineimpeller to the compressor impell¢hrough a forged steel shaft with thrust bearing

and journal bearings. Theigose of the thrust bearing is to maintain the axial moment of the
rotor systemas a result of gas loading on the turbine and compressor impellers. The thrust
system accommodates for the forces towards the turbine and compressor and is designed to
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withstand high levels of torque, primarily directed towards the compressor. This is since the
compressor impeller has a greater rear face area and experiencegprlegbere ratios. The

shaft is exposed to axial loads in the compressor stage near the surgiergontereas this

exposure occurs in the turbine stage near the choke conditenpdrpose of journal

bearing areto maintain the position of the shaft at the centre and to provide clearance to
dampen vibrations ahé shaft. Losses can occur in this system in terms of work done since it
GRHV DSSUR[LPDWHO\ RI WKH WXUELQH ZRUN DW D JLY
conditions. There are frictional losses occurring in the thrust syttenefore it is important

to be very careful in the design otherwise it can lead to power losses §well

1.4.3 Turbocharger Compressor Stage
Figure 1.6 depicts the turbocharger compressor stage identifying the components and

particular geometriesf interest within this research

Splitter Discharge

Outlet

Tongue

INDUCER

hancement
Comn . WWE) slots
IMPELLER

Figure 1.6 Turbocharger Compressor Stagel]
The compressor impeller rapidly rotates using the mechanical energy converted from the
energy extracted from exhaust gases in the turbine stage. The impeller rotation causes the
blades to create a suction effect drawing ambient air into the compressor stage through the
inlet. The impeller predominantiyonsists of full blades and splitter blades. The more blades

there are, the better guidance there is for the air to travel through the system. When the
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ambient airflows into the compressor through the indydeis directedto the compressor
impeller. During this process, flowalso travels through the SeRecirculating Casing
Treatment (SRCT), which consists of Map Width Enhancement (MSW&$. Thee slots

allow the impeller to operate under extreme conditieush as surge and chofsee section

1.6) to cover a wider operatimgnge, increasing the width of the compressor raaee the

fluid passes the impeller, it is directed into the diffuser. @liuser is aradial annular
passagehat reduces the air velocity before it enters the volute with minimal losses so that
pressure and temperature can risefuSers can eithebe vaned or vaneless. When the
compressor volute collects the compressed ffuoeh the diffuser, it is directed to the
discharge duct then finally the outldthe compressor volute can either be symmetric, also

known as external, or asymmetric, also known as internal or ovefiling

1.5 Fundamental Fluid Principles in a Turbocharger Compressor Stage

When analysing the turbocharger, within the compressor map total paraowdérons are

used to determine its performance characteristics. Whereas whesiragnéthe engine, within

the performance stage the static measurements, particularly pressure are used for simplicity.
The static conditions neglect the kinetic components of the flow parameters acting on the
fluid. The gauge pressure is measured relative to the atmospheric pressure and is zero
referenced against the ambient air pressurecantmonlyused in the real world. Absolute
pressure is zero referenced against a perfect vacuum. Gauge, absolute and atmospheric

pressures are all interrelated [4Y.
Loca= Look Lueueo

Equationl.1 Atmospheric Pressure

Incompressible flow is defined as a flow without a change in density. From Bernoulli’s

equation 4]:
5 .56 P _ 5 .56 P
s+ c€RS+ e@= Lo+ (€R%+ €@
Pressure . . i
Energ Kinetic Potential
y Energy Energy Equationl1.2 Bernoulli's Principle
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Equation 1.3 and Equation 1.4 are used to calculate the total pressure and total temperature,

respectively[4].

Li= L+ B=C
Equationl.3 Total Pressure
é.
= +
6= &+ g3h

Equation1.4 Total Temperature

Compressible flow is defined as a flow where there is a great dealiafimain the fluid
density. The total pressure for compressible flow is calculat¢d] by
@A

L= L x dg—gh

Equationl.5 Total Pressurdor Compressible Flow

7KH VSHFLILF KHDW Udnh\thé ompredsdt stagehBréashi the turbine stage
this ratio is 1.3 for exhaust gaqd$.

Mach number is a defined as the ratio between the speed of an object in motion through a

fluid and the speed of sound, given[dy.

Equationl.6 Mach number

The larger the Mach number means the larger difference there is between the static and total
pressuredue to the higher contribution of the kinetic paramefes the Mach number

increases the loss coefficient also easeg4].

Flow corrections are required to standardise the compressor map and hence the performance
at various operating conditions. This is used to evaluate the performance characteristics
supplied by the manufacturers afspecific turbocharger. For a specific quassor, the
characteristics ardefined by the mass flow rate, pressure ratio and operating speed. The

pressure ratio is a hafimensional parameter whereas the mass flow rate and operating speed
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are dimensional and the value can vary with various unitsrder to standardise the mass

flow rate and operating speed, manufacturers use a corrected version of the compressor map
that they produce to ease the process dompressor performance evaluations. The
compressoiperformancemap is generated using tlaetual and physical measured flow
parameters during experimentation with the specified uhiéseforeany change in the units

will alter the performance maf@.hrough flow correction, there are clear variances in the
pressure and temperature therefore it becomes much simpler and easier for the performance
of the same turbocharger to be compared from tested in one country, to being tested in
another. Flow correction can be carried out using the principles of ‘similitude’ and
‘dimensional analysis’. Similide is when the state or quality is similar to something. In this

case, the flow similarity requirements are considered, for which consjglk of

X similar geometry
X velocities at corresponding points that are in the same ratio
X velocities that have the same direction relative to some reference direction

X the same ratio of forces on the fluids in each system

Theequations of mass flovate,ideal gasand Mach numbeare formulated below

i = éR
Equationl.7 Mass Flow Rate
L= é46
Equationl.8 Ideal Gas
R
/[ = —
¥U46

Equation1.9 Mach Number

These formulas can be rearranged to provide a new expression for masgdiow

| _ Ly x - U X /
# 4 x _5
6i @t @A AT

Through rearranging, the following is achieved:
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av; / .
8% — = YKIOP=BACRAJ4=J@

@1 @Z—SA/ 6l 79

i x Y6 _
#x L

Equationl.10 Corrected Mass Flow Rate

The ‘corrected flow’ usually found on compressor maps are there for others to review units of
mass flow at a reference condition specific to the manufacturer that are familiar through the
turbocharger, but not the physical maesvf There are a couple of steps for the process of

using the corrected flow. These are as follpdls

1. Define the manufacturer’s standard pressure and temperature.
Define the customer’s standard pressure and temperature.

3. Manufacturer measures the physical parameters tharedao ‘corrected’ flow and
generate the map.

4. Customer measures the physical parameters then convert to their own ‘corrected’
flow.

5. Convert the customer’s corrected flow into the manufacturers corrected flow, and then

generate that map on the original manufacturer’s corrected flow map.

A corporate standard was developed in 1995 in order to avoid confusion. The flow parameter

for the turbine and compressor is calculateddyy

. 00 ==

PP ><3 A i i —X YA

(FK S2= N =A P A Nd-22P0m# 404, ip nits of B0
apo v A B

Equation1.11 Flow Parameter

Therefore, from the isentropic flow equation the term ‘A’ disappears since it is the area and is
a constant for the given compressor. Additionally, the corporate standard spadtpafor
the compressor and turbine is given[#j

5L AAZEN = | A PA B2 in ynits of 22
YA 36U YA

Equationl.12 Speed Parameter

Entropy is the order and disorder of a thermodynamic system and is a property that
determines the amount didgrmal energy that is unavailable to undertake work. If the fluid

molecules in the system are ordered, then the entropy within the system is low, and it is high
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when the molecules are disordered. The entropy is the number of microstates (being all the
guantum states gathered that are occupied by the molecules at any point) of a system in

equilibrium condition and is given {y2]:
5- G +31
Equationl.13 Entropy
The change in entropy is defined as the change in heat over temperature, given by:

&3
. 5= —_—
¢ 6

Equationl.14 Change in Entropy

In a turbocharger compressor stage, as the ambient air is drawn into the inlet duct, the entropy
is low since the molecules are ordered, whereby the molecules exhibit less or no collisions
nor agitation Entropy increases by adding heat into the system in an internal reversible
process. Therefore, as this air hits the impeller blades, it transfers energy; creating work
within the system, which in turn increases the heat and therefore the entropy begins t
increase. Here, since the fluid is passing through several impkllde passages, there is a
decrease in pressure and an increase in velocity. Since the impeller transfer energy into the
fluid, heat takes place and hence the entropy increases further. When the air is at the impeller
exit, the fluid is at its highest velocity and lowest pressure prior diffusion. When the air is
compressed in the diffuser and reaches the diffuser exit, there is a rapid decrease in velocity,
an increase in pressure and pamature. When this compressed fluid is directed into the

volute, it converts the kinetic energi( ¢R) into potential (pressure) energy. When pressure

increases since &L € 4 § temperature increases, which leads to a further increase in entropy.
The compressed air then exits via the discharge duct of the volute at low velocity, high
pressure, high temperature and high entropy. Whereby, the molecules are random, agitated,

vibrating, energised and with collisions taking place.

Enthalpy is a “state funicin” meaning that it is dependent on the state of the thermodynamic
system as it is, rather than how the system reached that state. It relies on internal energy,

pressure and volume, whereby the relationship is givdtb$4]:
*= 7+ L8

Equation1.15 Enthalpy
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The changen enthalpy is given by:
*= 7+ L¢8
Equationl.16 Change in Enthalpy

Since the change in internal energy is given by:
(7= 3F9 =J@AJ?&X& = 3FL¢8+ ¢L8
It can be said that when there is constant pressure in the thermodynamic system:
Jr7= 3

The enthalpy defines energy changes in a thermodynamic system and its change takes into
consideration the energy transfer at constant pressure caused by heating and expansion. When
the change in enthalpy is positive, the system is essentially absorbiegetgy from its
surroundings as heat. This process is an endothermic reaction. When the change in enthalpy
is negative, the system is essentially releasing the energy from the system as heat. This

process is an exothermic reaction.

Enthalpy can be appld to the turbocharger compressor stage in a similar principle as how
entropy varies through the system. Thus, since enthalpy is a state function and is dependent
on the properties, it is considered that as the volume, pressure and temperature of the fluid
varies, the enthalpy of the system would then also change accordingly, which in turn describe

the variances of energy in the compressor.

1.6  Turbocharger Compressor Stage Performance Characteristics

Figure 1.7 is a graphical representation of the performance characteristics in the form of a
compressor mapt can be seen that the corrected mass flow rate is plotted against pressure
ratio for various speeddhe compressor map is an essential chart used to determine the
performance characteristics of the particular compressor at design atesbigifi conditions.
These performance characteristics include the isentropic efficiency, mass flow range, boost
pressire capability (totato-total pressure ratio), and turbocharger operating spddus
compressor map is also used to validate various deaigtiustratesvariations in the mass

flow rate of air through the compressor with respect to-totebtal pressure ratio at various
operating speeds of the turbocharger. This in turn allows the isentropic efficiency of the
system to be determined. There are six [goomt a compressor map per speed. The first point
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in each speed line isearthe surge condition and this is located by capturing the pressure
fluctuation. The last point in each speed linenéarthe choke condition and beyond this

point, oil leakage and thrust bearing failure tends to dejur
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Figure 1.7 Turbocharger Compressor Map

The middle ring on the compressor map is the heart of the map and is also known as the
efficiency island. The highest efficiency falls within this area and the design point with the
highest efficiency is known as Best Efficiency Point (BEP). As the ring expands and extends,
the efficiency decreases. The speed lines are the constant operating speed of the turbocharger.
The surge condition is a complex and extreme phenomenon related to the inducer stall and
wheel outlet recirculation as a result of separation. It is a condition when the compressor is
unable to add sufficient energy to beat the system resistance, or backpressure. Excessive
boost presure builds up under surging conditions, causing the compressor wheel to stall. The
air flow stops through the compressor, and is reversed until the pressure is stabilised and
positive mass flow is achieved. At this point, the pressure builds up agaithermycle

repeats. During this condition, pressure is at its maxinant the mass flow is at its
minimum for the specified operating speed. The choke condition is a complex and extreme
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phenomenon. It is the condition where the mass flow rate in the cesopigas reached its
maximum limit and a further increase in the differential pressure does not increase the mass
flow rate of air through the system. During this condition the mass flow is at its highest and
the pressure is at its lowest for the specibpdrating speefll5, 16]. Unfortunately the real

surge and choke aoditions are unknown and can bery challenging to determine, hence the
presented surge and choke conditions are considered to be near these extreme conditions. The
pressure ratio is the toted-totd compressor pressure ratio of absolute total outlet pressure
over the absolute total inlet pressure. The corrected mass flow rate is the mass of air flowing

through the system when the inlet pressure and temperature resembles ambient conditions.
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Figure 1.8 Turbocharger Efficiency Map

Isentropic process in the compressible flow is a reversible process that maintains constant
entropy and has no heat transfer to the fluid or from the {ldjd13]. The isentropic
efficiencydetermines the amount imfput work needed to increase the pressure of the fluid to

an ideal value to that of actual input wolld]. The calculation to determine the totadtotal

isentropic efficiency of the compressor for the work between the inlet and outlet pressures is
given by:

9 A0
= d oA
e o, oA
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The isentropic efficiency of the compressor expressed as the ratio of temperature differences
is given by:
= lﬁiaéguaeF fmh
GaecF 6
By using the relationship between temperature and pressdigs dan be substituted so that

the compressor efficiency can be given by:

6ux RA@ AFLC
[N

o= M GaecF 6w ©

Equationl.17 Totakto Total Compressor Isentropic Efficiency

2iéég
24= ——
2i &

Equationl.18 Total—to-Total Pressure Ratio

1.7 Centrifugal Compressor Volute Geometry
The volute is considered to be the third most important component within the compressor
stage and has therefore, not received the attention that is N@e®dWithin the volute,

there are a number of geometrical sections that can be exf@2ofedl7, 18]

x The scroll, which isa logarithmic spiral passage designed to collect the volume of
compressed air and convert the kinetic energy in the fluid into potential (pressure)

energy by increasing the cressctional area with the azimuth angle.

x The tongue that is the joint of its smallest area, largest area, and exit cone. The tongue
acts as a dividing plane where flow is divided and directed either into the discharge

duct to exit the compressor, oreaters forcing to recirculate around the volute.

x The throat, which is a crosectional area in the volute at the tip of the tongue
(dividing plane) and entrance of the exit cone. Also known as the critical area or the
full collection planelt is the location at which the mass flow from the diffuser has
fully been collectedModifications to this geometrgan alterthe efficieny levels.

The larger throat area will provide improved efficiency at low pressure ratios,
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whereas the smaller throat area will provide improved efficiency at high pressure

ratios.

X The exit cone that is theea in the volute between the tongue tip and the discharge
duct.

x The discharge duct, which is the area in the volute before the compressed air leaves
the compressor through the outlet at high pressure, temperature, density and low

velocity to pass into thetercooler.

The purpose of the volute/scroll is to collect the fluid from the diffuser outlet and deliver it to
the discharge pipe, and to convert kinetic energy into potential (pressure) energy. The scroll
has different crossectional areas to minimisesses and leakages and to maintain constant
velocity. Volutes are generally designed to the desired best efficiency point (BEP) flow and
the best volutes are designed to maintain constant velocity. The performance of the volute is

affected primarily by five geometric parameters. These2reg22]:

(1) CrossSectional Area: Circumferential increase in crssstional area collects more
massflow along the volute inlet and delivers uniform flow to maintain constant swirl
and tangential velocity through the voljigd. If this area is designed inadequately, it
can result nonmiformities in the flow that can lead to many adverse efigots the

compressor itself.

(2) CrossSectional Shape: this has a significant impact on the operating range stability of
the centrifugal compressor and can affect the system performance. A poor design of
the crosssectional area causes distorted pressurgildisons, which can affect

upstream flow and aeromechanical forces that can affect the imgelle3,[23]

(3) Radial Location of the CrosSection: this has the strongest influence on the
performance of the volute since the conservation of angular momentum can be
applied here. Theory of angular momentum states that the tangential velocity in a
swirling flow is inversely proportional to the radius. Thus, if the volute inlet radius is
smaller than the diffuser outlet radius then the tangential velocity inside the volute is

higher in the volute than at the diffuser outlet. This means at the diffuser outlet where
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the flow of the fluid decelerates to its lowest point, is then accelerated again at the

volute inlet, which results to an unwanted static pressure drop and more losses.

(4) Location of the Volute Inlet: Asymmetritype volutes provide a more desired
performance thn symmetric type volutdsecause the double vortex in the symmetric

type volutes causes significant separatii.|

(5) Tongue Geometry: This is a dividing plane and is a blend of the volute’s smallest and
largest crossectional areas. Closed tongue does not allow recirculation, whereas

open tongue allows recirculation. Its length and angle can be adjusted.

It is important to understand the parameters involved in expressingltite design. The
DILPXWK DQJOH LV DOVR NQRZQ DV WKH ZUDS DQJOH
limitation of space available, the scroll is wrapped as a curved section havingofi cut
EHWZHHQ f DQG f 7TKH UDGLXV LV GHSHQGHQW RQ V
R JURP WKH WKURDW WKH YROXWH FRQVLVWYV RI DQ H
crosssection slightly increases to decelerate the flow and increase the pressure further prior

to discharging through the outlet. This geometric region is also referred to as the discharge
pipe. The radius to the volute centroid(® the distance from the cenfpeint of the volute

to the centrgoint of the volute throat diameter. This parameter describes the geometric

characteristics of all compressor and turbine housings. It is defijé8,a]:

#N AKBDN K =P

I-oEEA AN C°

Where, k denotes thee=2 ratio.
aOxUeea

The fluid is compressed in the diffuser where its purpose is to achieve static pressure
recovery. Fluid is tangentially directed out of the diffuser and into the volutas tthe
exhibitedinflow velocity is a significant factor to the cressctional area and shape of the
volute. The impeller outlet affects the volute more in pumps than in compressors since pumps
commonly do not have diffusergs a resulthe flow phenomea interactions between

impeller blade and volute tongue is much more predominant in pumps.
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1.8 Centrifugal Compressor Volute Loss Mechanisms

There are many different types of losses with respect to individual components during the
stage efficiency, for exang the impeller, diffuser, volute will all suffer from frictional
lossesbetweenthe fluid and the walbf the component. There are losses in pressure when
restrictions are in place, for example, when the airflow passes the impeller, pressure losses

are ncurred in the flow at the blades results

Achieving optimal efficiency is the target for designing a turbocharger compressor stage
since the prime purpose is to transfer energy from the shaft into the fluid in order to generate
more power. During compregr operation, various loss mechanisms are encountered
degrading the energy throughout the system resulting in a decrease in efficiency. These loss
mechanisms are referred to as head loss, which are expressed as total pressuesdoss (p
drop) Thereare four common sources of head loss by which the volute suffers in particular.
These ared, 9, 17, 21, 25, 26]

(1) Meridonial velocity dump loss

The radial velocity dissipates to the swirl velocity component at the volute inlet, forming the

meridonial velocity dump loss, which cannot be recovered. It is defined as:

1
claxg= 2 6%
Equation1.19 Meridonial velocity dump loss
(2) Skin friction loss

As the fluid particles travel through the volute path, surface rouglofetb® component
causes the fluid to encounter skin friction loss. In order to determine this loss, the average
path length of the volute channel is taken into account, as well &ydinaulic diameter of

the volute at the critical area, also referred to as the throat located at an azimuth angle of
360 g, and the volume flow. This loss is determined upon the flux through the volute, whether
it is laminar, turbulent, transition, smooth turbulent, or rough turbulent. The friction
coefficient parameter ¢Cis a function of the Reynolds number and is determined from the

Moody'’s chart for pipes.
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1
= )@= é %g°
e D ko2 © s
Equation1.20 Skin friction loss
Where,
_ e(N+ No
2
Equationl.21 Average path length of flow
4 #
= ey
& e

Equationl.22 Hydraulic diameter

(3) Exit cone loss

The exit cone starts at 3@fazimuth angle whereby the cressctional area varies smoothly

to the outlet. This has been previously calculated as a sudden expansion loss as opposed to a
gradual expansion loss. Due to this, there are nosises generated inghvolute however,

the additional loss is employed in order to account as much as possible, for any swirl
component&ntering the exit cone. The exit cone loss is dependent on the total opening angle
of the exit cone. The exit cone loss coefficient variéh the opening angle from 0.15 for a

10 go 1.1 for a 60 g. Research has recommended that for achieving a good volute design, this
opening angle should not be greater thandrtichence the exit cone loss coefficient should
maintain a constant value of 0.15. The exit cone loss is defined taking the distorted flow
entering the exit cone, and the transition from a swirling annular flows@ogl flow path)

to a linear flow path, into account. Hence it is defined as:

1
oot o %o F %N °
Equaiton 1.23 Exit cone loss

(4) Tangential velocity dump loss

The tangential velocity effectively delivers the fluid from the volute inlet to the outlet and is
proportional to the difference of the actual kinetreergy head related to the tangential

velocity component at the volute inlet. It is important to account for the change in area and
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average radius in the circumferiahtdirection since these force@ change in the angular

momentum, causing the tangential velocity head to be partially lost.

_ _1, 0/58
CLéXB‘E e® No%

F h SR1

lexi ®L/§8 d F h 51
s x (E
No %
Equationl.24 Tangential velocity dump loss
5 o Iy %s
No %0

Equationl.25 Sizing Parameter

In the initial stages othe flow enteing the volute inlet, the scroll tries to diffuse this
incoming flow to zero velocity which can cause total tangential velocity head loss.
Therefore, the overall tangential velocity is computed as the sum of the two values obtained

from Equation 1.24.
(5) Head Loss

The total pressure head loss of the volute from the inlet to the outlet is given by the sum of all

the head losses.
¢lgo= claxpt élept dlpoh ilexp
Equation1.26 Total head loss of volute

When fluid travels through a volume, it requires a certain amount of energy. However, when
resistive forces exist such as viscosity in a fluid or friction on the surface, the fluid needs to
work harder to overcome this resistanthe pressuredad bssequationapplicable for this

case is given bj27, 2§:

T
ecC
Equationl.27 Head Loss
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Where,
. @aéRGOé '
L= BHX 1
Equationl.28 Pressure Loss
Where,
8ia
B= ——
el:@Oeu

Equation1.29 Darcy's Friction Factor

These equations aappropriatdor laminar and turbulent flow regimes as well as for circular
and noneircular pipeq27, 28]

1.9 Volute Design Practices

A centrifugal compressor volutis very much similar to a centrifugal fan volused a
centrifugal pump volutén that the systems are designed to increase the energy of the flow by
smoothlyincreasing the crossectionalarea. The compressor differs from a pump in that it
uses gas as the working fluid which is compressible, as opposed to a pump that uses liquid as
the working fluid which is incompressible. The compressor differs from a fan in that it
operates at higher speeds in order to produce a higher rise in pressure. Due to the similarities
in the job of the volute, there are also similarities in the way in which they are designed. A
classicvolute layout is shown in Figure 9 whereprofiles have been created an azimuth
angleof HYHUZRO]. f [

Figure 1.9 Centrifugal Compressor Volute Layo@(]
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There are certain universal guidelines for volute designs that have been developed over
experience to provide good results, ease manufacturing, as well as rechatsignd time.

These guidelines are as folloy&]|:

1. Ensure that the angles used on the sidewalls of the volute are constant instead of using
different angles at each section.
Ensure symmetrical volute space on both sides of the impeller shrouds.
Ensure that all the areas of the volute are design to exhibit smooth change of areas.

4. (QVXUH WKDW WKH WRWDO DQJOH WKH GLVFKDUJH GXF
this behaves as a conical diffuser where the final diffusion process takes place, fully

converting kinetic energy into potential energy.

It is vital for the centrifugal compressor volute to be well matched with the impeller and the
diffuser at the BEP with even static pressure distribution along the periphery \iltive

inlet. This can ensure even static pressure distribudiong the impeller exit, which is a
condition for impeller performance. If the static pressure distribution in uneven along here, it
can cause load changes on the impeller with the efficiency and operatinguéfiegeg from
adverseeffects. During offdesign conditions, the mismatch of the volute and the impeller
can cause pressure lossgS][ In order to minimise losses in the volute, it is designed such
that the tangential velocity varies inversely proportional with the radius. Thedbeaideal
conditions however in real conditions, friction alters this ideal flow, and there are variances in
the tangential velocity with respect to the length of its followed f22h Taking this into
account, different crossectional areas of the volute can be designed with readi§tteency

by undertaking sufficient calculations and experitagan, achieving reasonable results with

a reasonable degree of accuracy.

The crosssectional area of the volute is a significant geometric parameter that has great
impingement on the volute performance. These various-sextBn geometries that can be
used are predominantly circular or elliptical for cast volutes; and rectangular for fabricated
volutes. The essential aspect of volute design is to determine the variations of the mean

circumferential radius and the cressctional area. There are two hads:

1. Simple Area Schedule (SAS)the area of the fultollection plane is fixed by
using the desired flow velocity, allowing the volute area to then change

linearly with the polar angle.
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2. CAM —-a more precise method to establish area distribution using the

principles of conservation of mass and angular momentum.

Since the CAM approach disregards some factors such asnifomities of flow in the

volute over the crossectional area, and the generation of a significantly higher mean
velocity than the calculated from the ideal model due to distorted profiles, viscosity and
secondary flows, it is suggested to use a generalised basic design volute equation, given by
[21]:

#= A 2@ @y @P =,

"KHUHE\ LV WKH SRODU DQJOH 63 LV WKH VL]LQJ SDUDPH
area of the volute to the value satisfying the ideal conservatiangular momentunr. is

the radius of the mean passage cEsgion parameterslis thehub to shroud passage width

DW WKH YROXWH L &sahe\téngeRt@IBEdwdngke @t the @olate. inlet conditlon.

the volute is undersized then considerable losses are incurred, therefore a SP>1 is commonly
used in practice as a safety mard.arge SP are used for volutetiere vaneless diffusers

are present to adapt to the requirements foidesiign conditions. With regards to design

conditions or where vaned diffusers are present, SP betweér2lafe used 2[L].

1.10 Motivation

Many manufacturers are interested in making the volute more compeetitsis the largest
component of the compress#, 5, 10, 29]. Volute desigs have emained the same for
decades due to the little pressure gain and is therefore considered as components that does not
need to be improved3p]. However, wihout investigating the volute and studying the
incurred losses and considering these losses in its design, would result in a decrease in
pressure through the component and an instantaneous rise in pressure at theesultjng

in poor performance du® tpoor matching with the impellelT]. Therefore, studying the
centrifugal compressor volute desigm have a realistic methodolpgvhere lossesn the

volute are minimal andeal conditions, such as frictional effects are accountedisfor

important

Researchershave investigated the performance of the volute using similar design
methodologiesHowever there is onlylimited amount of literature available thatcuseson
thedesign of the turbocharger compresgolute considering frictional effects. In addition to
this, transientresponsestudies in this regard argeverelylimited and to the best of the
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author’s knowledge there are no literatieailable yet that establishes an expoesgor
designing the turbocharger compressor volute for realistic condititmme, there is a need

to carry out extensivenvestigation to understand the flow field inside the centrifugal
compressor volute arftbw thevery design methodology approach taken for the turbocharger
compressowolute can affect the aerodynamic mechanisms and fldvaracteristics of a
turbochargecompressostage.This has therefore, motivated the author to carry out research

in this particular area.

There is a neetb explore how the design methodology of a turbocharger compressor volute
can affect its geometry, performance, energy lossesentire flow structure under steady
and transientconditions at various operating speeds and design points. Therefore, in this
study,sinceComputational Fluid Dynamics (CFDgs a significant role in the aerodynamic
design of turbomachinengl], this numerical techniquaes been employed using to develop

a thorough understanding of the flow behaviour the turbocharger compressor stage
experiencesunder steady and transient conditions from a macroscopic level to a microscopic
level. Detailed qualitative and quarative flow field analysekave been carried out toeate

a solid foundation to develop a realistic design methodology for a turbocharger compressor

volute application

1.11 ResearchAim
Analyse the flow characteristics of the turbocharger compressor amaluts during steady
and unsteadyresponseto develop a novel design methodology for the turbocharger

compressor volute

1.12 Organisation of Thesis
On the basis of the previous discussions, this septiesents the structumd work carried
out for this research study.

Chapter 1 captivatesn overview of turbocharggr their construction and operation,
alongsidethe fluid flow mechanismsxhibitedin the centrifugal compressor stage. It also
includes the design practices implemented onto the compondntwd. This essentially
providesa fundamentalunderstandingf the presented research fiekktom this overview,
the motivation expresses the driving force carnettowardspursuingthis study followed

by the research aims thdentify key elementdo beaddresed.
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Chapter 2 providesxtensive and detailed review of the research that has been undartaken
volutes It includes the review of published literature regarding the analyégpkrimental
and numerical studies of volute geometrgesign nethodologies and performance
evaluationsunder steady and transient conditiom¥etails of the scope of research are

provided in the form of research objectivegeating a canvas for conducting this study

Chapter 3 documents the stages involved wéraploying Computational Fluid Dynamics
(CFD). It includes the modelling of the turbocharger compressor stage, the solver settings
that have been specified for this study, and references of the locations specified for the

analyses to be carried out in the upcoming chapters.

Chapter 4captures detailedteady flow field analyses of therbocharger compressetage
behaviour. It includes global and local qualitative and quantitative flow nohggscting
complex flow structures of the baseline model operating tleantwo opposing extreme
compressor conditions, as well as the best efficiency point (BERh)g low and high

operating speeds

Chapter 5 sheds light onto the detailed instantanBowsfield analyses of a turbocharger
compressor stage behaviour.idtludes global and local qualitative and quantitative flow
maps;depicting complex flow structures of the baseline model operatitige BEP during

low and high operating speeds. This section focuses on the impeller blade position with

respect to the \lote tongue.

Chapter 6 presentke journey that discovers the novel methodology for designing the volute,
taking frictional effects into account. This section presents expressions for volute design and
includes the application dheseexpressions that elnacterises the volute geometry. Thas
facilitated in developing a realistic volute design methodology employed for the turbocharger
compressor stage applicatioithe final presented developed model is compared and

evaluated against thathich currenty exists.

Chapter 7concludes the discoveries of the presented research study, clearly highlighting the
goals achieved and additions to existing knowledge regatiégolute design methodology

for a turbocharger compressor stage. This is in terms of the design process and flow mapping,
correlating the local performance indicators with the global performance indicatdes

steady andinsteadyconditions Recommendations for future work have also been included

in this chapter
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CHAPTER 2
LITERATUREREVIEW

On the basis of the research aim aforementioned in the previous chapter, a detailed literature

review has been presented in this chaptédrich highlight the knowledge gaps in the
existing analytical, numerical and experimental studiésincludes the published works
regardingthe flow characteristics and losses incurred through the volute during steady and
unsteady conditions, as well as volute design methodoldgésed on the knowledge gaps
found in the literatte review, scope of research has been defined and research objectives of

this study have been formulated.
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2.1 Fluid Flow Characteristicsinside a Centrifugal CompressorVolute during

Steady Response
Braembussche and Hande (1990) carried out an experinasamaheoretical study of the
swirling flow in centrifugal compressor volutE34]. The authors conducted the experimental
part of their study in their test facility using an overhung volute, which they had straightened
and set up with a blower, inlet duct and guide vanes to simulate the compressor stage. The
measurements had been takéth probe traverses at axial locations. The theoretical part of
their study made comparisons wiin analytical radel Their findings revealethat there
were no variations in the radial distribution of swirl velocity, while different operating
conditions at volute crossections showed that there were significant variations in the
distribution of througklow velocity. The authors also discovered that the flow and pressure
measurements vicinity of the walls were not representing the average values falhin
velocity in the freestreamat minimum mass flow varies into above average velocity at
maximum mass flow, which also has the same influence as a positive and negative blockage
and hence, effects the optimum volute dimensions. The authors preetteatal pressure
losses did not appear where they were produced. The radial pressure gradient thrusts low
energy fluid into thecentral area. They stated that the isentropic flow calculation
demonstrated high throudlow velocity depicted in the freegam of the volute and the
negative blockage factor are used in design methodologies. In addition to thisemiopic
flow calculations demonstrated how total pressure losses impinge the tHimugrelocity
and cause blockage in the freestrazrthe volute. It also demonstrates the evaluation of total
pressure losses as a role of flow parameters and friction coefficient. However, the authors
have some doubt regarding the total pressure distribution across thesemties of the
volute. Furthermorenonisentropic flow calculations are found to enable higher accuracy in
design for the optimum volute geometry and allow the prediction of outlet flow. The authors
anticipate there to be disturbances in the flow pattern between the gap at the volute and
tongue region. Moreover, the volute curvature in real conditions is stated to result in smaller
tangential velocity at the outer volute radius and larger velocity at the inner volute radius. The
authors mention that additional research is required tosatisesnfluence the gap between
the volute and tongue has, as well as the influence the volute curvature has on losses and

optimum volute dimensions.

Ayder et al. (1993) undertook an experimental and theoretical analysis of the flow in a

centrifugal compressor volu{@5]. In this study, theperating speed was set at 14,364rpm
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with three different mass flow rates: 0.933kg/s (high); 0.575 kg/s (medium); 0.255kg/s (low)
and collating pressure measurements at the outlet. The results of this study showed that there
was a decrease in static puagson the periphery of the volute, which led to an increase of
radial velocity exhibited at the diffuser outlet. It also showed that the mass flow rate at the
volute inlet also increases from the tongue to the outlet. The case for low mass flow indicated
that there was uniform distribution of static pressure exhibited at the voluteTinéefluid

flowing in proximity of the tongue exhibits swirls at the centre of the volute -s@ston. It
concludes that the distribution of static pressure is dependehe centrifugal forces caused

by swirling velocity in the crossection as opposed to the centrifugal forces caused by the
velocity as a result of static and total pressure variations exhibited at the periphery of the
volute. The gap in the study coube to strengthen the confidence of this investigation by
calculating the energy losses through the centrifugal compressor volute using the numerical
data obtained from the simulation

Ayder et al. (1994) conducted a numerical analysis of the thineersonal swirling flow in
centrifugal compressor volut¢86]. Since it has been identified that volute flow is affected
more predominantly by the losses in the core than the boundary layer, the investigation was
solved by implementing the secoendder dissipation and wall shear forces to the Euler
solver.The volue uses hexahedral mesh cells with special attention regarding discretisation
of the flow in the tongue area. The same number of cells was used for eaebectmss of

the volute in order to enhance the flow pattern resolution in small sections. The sésial

that the diffuser flow showed a variation of velocity and static pressure. At high mass flow
rates, this static pressure decreases at the periphery in the direction of rotation of the impeller
with a sudden increase in static pressure at th@hmwy of the diffuser outlet around the
tongue region. In addition to this, the high pressure losses at the centre of theectioss

are stated to be due to the dissipation of the swirl kinetic energy. For high mass flow rates,
there were no distinct gianation of the phenomena occurring with regards to the high mass
flows and high total pressures exhibited at small esessions, however; a potential
explanation has been stated as being as result of separation at the tongue. For low mass flow
rates, lhe results state that there are no large gradients of total pressure led by viscous effects.
Furthermore, the phenomenon of this investigation has discovered that when the fluid enters
the volute in proximity of the tongue, it travels through the centrihefvolute along the

mean streamline until it reaches the outlet. Since the phenomena at high mass flow could not
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be explained, the gap in this study is to obsditges patterns through the centrifugal

compressor volute exhibited during various flow rates

Nursen and Ayder (2003)ndertook a numerical calculation of the thddmensional

swirling flow inside the centrifugal pump volutes, whereby an incompressible flow solver
was developed for the pump voly&¥]. This was then validated against experimental data in
literature by other researchers. The authors have measured and analysed the variation of static
pressure circumferentially at the volute inlet, the swirling velocity distribution at two-cross
sections, as well as the throufibw velocity distribution at four crossections. In order to
achieve this, the authors created an external pump volute having a rectangutaecioss

with a 55mm constant axial width, a constant inner radius of 0.106m, and a logarithmic spiral
as the outer wall. Hexahedron mesh was implemented onto the volute with 15 x 15 nodes on
each of the 47 crossectons. The authors implemented a unique fusing method at the tongue
where the first crossection was positioned at the diffuser exit, and created as a line laterally
to the width of the volute, thus having tetrahedron mesh elements in this region. The study
was conducted using three mass flow rates: 0.08/29¢tow); 0.0045rfs (medium); and
0.0062n%/s (high). The results showed that for low mass flow rates, the calculations predicted
that flow tends to decelerate inside the volute, which causes the ststsune to increase
throughout the volute from the tongue region. For high mass flow rates the static pressure has
the vice versa effect, whilst for medium mass flow rates, the static pressure is almost
maintained at a constant inside the volute. The authors concluded that the calculated and
measured variations of circumferential flow inside a pump volute wasmattthed. With
respect to static pressure at the volute inlet, this was also in good agreement, which meant
that the developed code can be used for investigations involving the interaction between the
impeller and volute. However, due to the assumptions made during modelling the tongue,
there were slight discrepancies observed between the numerical and experimental data. It was
also mentioned thathé inlet conditions of the volute, such as the distributions of total
pressure, radial velocity and the throtftgw velocity were not experimentally captured, and

thus the total pressure and flow angles were assumed in the calculations as being
circumferantially uniform at the volute inlet. No investigations have been carried out of the
variation between different blade positions, such as when the blade is aligned with the tongue

and when the tongue is between two blades in centrifugal compressors.

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 32
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER TWO: LITERATURE REVIEW

Zheng et al. (2010) numerically investigated the influence of a volute on the flow in a
centrifugal compressor of a higitessure ratio turbocharg¢83]. This study was then
validated using experimental methodology, more specifically, a turbocharger test bench. The
conclusions that were drawn from the simulations and the experimental results were that at
low mass flow rates, the volute suffers from a flmstability. The influence of the stable

flow range (SFR), which is a prime issue for the automotive industry to expand at high-
pressure ratios, was found to increase at the design speed, causing gstbuidetionsn

the compressorin addition to his, it was found that the link between variations in the
incidence angle with the impeller speed and the high sensitivitgriations in the incidence

angle are accountable for severe effects on the volute with regards to the SFR. This was
discovered d exhibit an increased magnitude of losses in passages at high pressure ratios.
This steady simulation with the conditions implemented found that detailed instantaneous
flow field could not be accurately predicted. The investigation observes the asyniloetric
mechanisms at offiesign conditions, however, this was not completely understood, and thus
the gap in this study yet remains. It is stated that it is highly importantigrstand the flow
mechanisms thatause instabilities within the system in erdto make suggestion®r
compressor design. By understanding the asymmetric flow mechanisms, a development for
the asymmetric flow control methods to stabilise the influence of the volute can be achieved
by expanahg the map width enhancement (MWE) sld&irther to this, another gap in this
study is to conduct an unsteady simulation of a high pressure ratio compressor, since this

particular investigation was conducted as being a steady simulation.

Abdelmadiid et al. carried out a numerical investigation in 2013 of the volute geometry effect
on the turbulent air flow through a turbocharger compressor using CFD anfaBkishis

study focussed on the interaction between the impeller, diffuser and volute with respect to the
variations of volute geometry to explore the performance characteristics using numerical
solution with sliding mesh technique and stedbbw. The various volute geometries
analysed were circular craesection with tangential inlet location; circular cragsstion with
symmetrical inlet location; and semircular crosssection with tangential inlet location.
There are two distinct aspedtsat are predominant in this study, where the volute geometry
was based on the overall performance and operating range. This has been distinguished by
the shape of the crosgction, whereby the circular has been compared to thecseniar;

and the loation of the volute inlet, whereby the tangential has been compared to the

symmetrical. The results indicated a range of performance characteristics such as pressure
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ratios, efficiencies, mass flow rate, velocity and vorticity that have all been expldahad w

this study. The findings overall discovered that modification to the shape of the volute cross
section affects the operating range greater than the peak efficiencynwailigcation to the
volute inlet locationaffects the peak efficiency more thaime operating range. It also
indicated that there is higher peak efficiency when the volute inlet location is tangential, there
are wider operating ranges when the volute shape is circular, and there-usifioom
pressure present at high flow rates.haligh there is a great deal of ground covered in this
study, a detailed flow analysis across each profile can provide much more detailed

understanding inside the compressor the volute.

2.2  Fluid Flow Characteristics inside a Centrifugal Compressor Volute during

InstantaneousResponse
In 1995, Chu et akesearched the relationship between unsteady flow, pressure fluctuations
and noise in a centrifugal pump and the effects of Hladgue interactions using Planar
Doppler Velocimetry (PDV) dat§38]. The experimental results showed that there is low
pressure around the blade and a vortex train is generated in proximity caused by the non-
uniform outflux the jet/wake phenomenon from the impeller. The pressure distribution is
constantly varying throughout and is dependent on the location of the impeller relative to the
tongue.When the blade of the impeller passes by aligning with the tip of the tongue, the
pressure distribution is at its lowest near the impeller, and at its highest within the wake
behind the impeller blade as well as when it is far away from the tongue. Additiche
noise peaks are produced when the pressure difference across the tongue is at its maximum
due to the tongue oscillations forced by the local pressure fluctuations and when the wake is
strongly influenced on the tongue tip. The study found thabnthanges to the tongue gap
created major changes to the entire flow structure, pressure fluctuations, andfibld far
noise. Since the findings discovered that the leading phenomena are a result-tdrigade
interactions and nooniform outflux fom the impeller, it is desired to intEgmte the flow

field inside a centrifugal compressor of the two blade positions.

Hillewaert and Van den Braembussche (1999) studies the numerical simulation of impeller
tongue interaction in a centrifugal compres$B8B]. The authors carried out a three
dimensional unsteady calculation of flow in the impeller and a -threensionaltime-
averaged calculation in the volute. The purpose of this particular study was to predict

circumferential distortion of flow in the volute; unsteady periodic blade loading and the
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resulting radial force exerted on the impeller shaft. The findings teepibat unsteady flow

in the impeller is related to the fluctuations circumferential total pressure and temperature
distributions. It has also been documented that the interaction between the impeller and
volute is the reason behind the static pressgeeisi slower near the tongue. Further detailed
numerical analysis can be conducted focussing on the position of the impeller blade in

relation to the volute tongue in a centrifugal compressor.

An experimental and numerical study on the steady and unsteady radial forces for a
centrifugal pump with impeller and tongue gap variation was carried out by Gonzélez Pérez

et al. in 200640]. The experimental study was carried out using pressursdireers and

was compared against the numerical study computed using CHD sBalies were carried

RXW XVLQJ WZR LPSHOOHUV RQH ZLWK UDGLDO JDSV EHW
WKH RWKHU RI RI WKH LPSHOOHU UDGLXV ZLWK GLIIHU
Steady radial forces was calculated from the suead average pressure field and the model

over various flow rates whilst the unsteady radial forces was analysed from the pressure
pulsations relative to momentum exchange in the impeller, which accounts for the static and
dynamic effects of flow. The steady and unsteady radial forces of the blade passing frequency
were calculated using the radial integration of the pressure distributions on the shroud side of

the volute. The gaps between the sides of the impeller and the lateral walls of the casing
meansthat the effective crossection of the volute is higher in reality than in the model,

which is relative to the tongue region in that it accounts for positive (for low flow rates) or
negative (for high flow rates) flow exchange through the radial gap that contributes to a
reduction in pressure difference across the tongue gap. The pressure fluctuations of-the blade
passing frequency can predict the radial forces that are similar to unsteady forces, which
when aligned produces a radial force directed towtlrelsolute tongue position. The results

showed that the difference in tongue gap did not create impingement on the pressure
fluctuations. The findings found that for the larger diameter although there are unsteady
forces present, at the blade passing KéQ F\ WKHUH LV LQFUHDVH WKHUF
diameter decreases, there is a much higher increase in unsteady forces exerted than that of the
larger diameter at higher flow rates. Since the effects of radial forces have been established in
this study on the impeller size, with the volute tongue as a key factor in conducting specific
calculations during this study, further improvements can be maddugsing on the

instantaneous influence of the impeller blade position with the volute tongue
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Mentzos et al. (2014humerically studied the evolution of the velocity profile as the impeller

passes in front on the volute tongue of a centrifugal pi#hp CFD had been employed to

conduct this investigation using Gambit® for the geometry and meshing, and Fluent® for
seWXS DQG FDOFXODWLRQ 7KH SXPS JHRPHWU\ HPSOR\HG |
impeller outer radius between the impeller exit and the tongue, six full blades and six splitter
EODGHV RQ ERWK LPSHOOHUV RQH ZLWKHW ZRXWKO-HW ¥KWH
dimensional steady flow had been simulated using RANS equations and stan@ard k-
turbulence model with SIMPLE algorithm. The results for both impellers depicted that as the
blade passed the tongue, the pressure decreased and as the blades moved away, the pressure
increased. The impeller exit showed high velocities in the pressure side of the blade passages
and zero velocities in the suction side facing the volute tongue. There had been no
recirculation shown in the case of the impellet Wt K WKH RXWOHW YDQH DQJOH
KDG EHHQ UHFLUFXODWLRQ H[KLELWHG LQ WKH FDVH RI WK
The recirculation region in this case had been depicted in the suction side of the blades as
they moved towards th®ngue region. As the blades moved away from the volute tongue,

the flow appeared to reattach on the surface of the blades. This study had only been
investigated at a single operating speed of 1400rpm. No work on how the velocity profile
evolves across eaclvolute profiles and how this would affect centrifugal compressors

throughout different operating ranges.

2.3 Volute Design Methodologies Performance and Losses

Weber and Koronowski (1986) analytically investigated the nliean-performance
prediction of volutes in centrifugal compressors, which had been validated against previous
test data undertaken by Elliott Company’s European affiliate, Thomassen Ha&ndhe

authos created twelve test cases whereby ten were internal volutes, one was an external
volute and one was a plenum. The authors identified the requirement for a loss coefficient
expression from the inlet to the outlet of the volute in terms of efficiency.eTdwer four
sources of head loss exhibited throughout the volute: meridonial loss; skin friction loss; exit
cone loss; and tangential velocity dump loss. New models for exit cone head loss and
tangential velocity dump loss were derived and compared against the old loss models. The
results identified that although both loss models displayed poor correlation against the test
data, the new model matched closer than the old model. The new exit cone loss coefficient
model significantly decreased the occurrenceagfative tangential velocity dump loss values
from the test data. In addition to this, the superiority of the new tangential velocity dump loss
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model had been made evident for SP < 1. Furthermore, the authors discovered that the new
models for SP @Gied $ninor improvements, though providing a solid base for future
generalisation in differentiating between volutes that are created using various engineering
design methods, such as Conservation of angular momentum (CAM); CAM with friction; or
Simple Ara Schedule (SAS), etc. Moreover, the authors concluded that the equivalent sizing
parameter (SP) concept for volute performance prediction based on a concept from volute
design is a valuable parameter to compare the tangential velocity dump loss agaest th
data.There has been no expression established for using the CAM with friction method for

volute design to determine the effect on the magnitude of losses.

Qi et al. (1996) conducted an analytical and experimental study in usingdiniensional
inverse method to achieve a new approach to the design of fan volute debfile3his

paper confirms that in general, there is only one optimal volute profile that enables the system
to achieve optimal performance It is one where there is a direct relatidmstiwpen the

volute profile and the volute inlet flow. In traditional methods for designing the volute it is
assumed that the flow is uniform at ideal conditions, however this investigation was
undertaken in order to understand the oaiferm distributionof flow laws and parameters

that are involved at the volute inlet when various volutes are matched with the impeller. This
study was undertaken by using some basic assumptions and the governing equations,
followed by implementing a numerical procedure vety the volute inlet parameters are
controlled in order to calculate the volute profile. The findings discovered that using non-
uniform flow parameters showed a significant improvement in volute design that has high
potential for being used in engineeriagplications. Unfortunately, due to the author’s
limited resources available the study required further work in order to achieve the optimal
volute profile since the optimal distribution of volute inlet flow could not be determined. This
work presents thenethodology of how parameters can be controlled to achieve the goal of
the study, along with the assumptions and considerations to be made. No expression for

volute design considering friction effects has been established.

Pan et al. (1999) carried out a numerical and experimental study on the design considerations
for the volutes of centrifugal fans and compres$dg. In this study the volute design has
been developed to accommodate for the asymmetric (overhungydiyges. This design

uses the expression as that derived by Eck (1973), given by:
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. adsM - aM  °©
360 2% N 720 %s N’

For symmetric volutes,
4oF N N
For asymmetric volutes,
45F NM Ny
For the asymmetric volute, the overhang magnitudieimed by:
U= NF(4sF N

It is specified as the linear function of the azimuth angle and is stated to accurately describe

the overhang of the volute:
(4oFN= =+ >a
Where i, a and b are constants.

The purpose of this investigation was to improve the volute performance characteristics over
a wide range by modifying the volute geometry. Three test cases were analysed: one
asymmetric circular crossection volute, and two asymmetric square esaxssion volutes

with one having a larger flow area under the tongue. The asymmetric circulasectiss

model had been analysed through experimentation and two squarsextss volutes had

been analysed through CFD. The results established that by increasing the flow area in
proximity of the tongue regiomproves the volute performance. This reduces fluctuations in
pressure and flow with the wrap angle as well as showing improved vaneless diffuser
performance of upstream of the volute. There has been no consideration of frictional effects

in this investigtion.

Miyanga et al. (2001) investigated the volute tongue and passage design on the performance
of centrifugal turbomachingg6]. This was carried out by analysing the size influence of the
recirculation port as well as the tongue design on the volute performance through
experimentation. The volute was designed using the same expression as the previous study,
as that derived by Eck (1973). The overhang magnitude was also specified and computed in

the same manner. The volutes constructed for this study were as follows:
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FA: A turbocharger volute designed using the basic free vortex method with full
tongue, no recirculating port.

FC: Same design method as FA but with a recirculating flow port.

NA: A modified passage design using a method that applied a high flow angle at
small azimuth angles.

NC: Same design as NA but with a recirculating flow port.

FCT: A modification of design FC consisting ofunded tongue geometry at the inlet
to the recirculating flow port.

FCT2: Same as design FCT, with rounded tongue geometry, but with a reduced

recirculating port area to reduce the frictional loss of the recirculating flow.

The results established that tonstructing a recirculation port does improve the performance
of the volute; however it is only the case for symmetric designs where the nature of the swirl
flow are set with two counteotating vortices rather than overhang designs as carried out in
this study, where the nature of the swirl flow generates a single passage vortex. Therefore, by
using a symmetric design for the volute geometry would increase blockage, and through
modifying the design to also increase the passage area, would be awveeffieetins of
improving the performance. Furthermore, there was impingement occurring on the volute
performance at high flow rates due to the design of the tongue’s leading edge. It was
discovered that a rounded tongue design decreases the amount of planatiesa and
magnitude of the wake in the volute exit, and flow in the recirculation passage was analysed
as being additionally systematic. There has been no consideration of frictional effects in this

investigation.

Additionally in 2002, Whitfield et al investigated the effect of volute design on the
performance of a turbocharger compressor through experimentation using three fabricated
turbocharger compressor volutes (two bigger and one smaller than the original cast), where

the radius of the volute paage was calculated as a function of the azimuth angle using a
derived equation47]. The volute was designed using the same expression as the previous
study, as that derived by Eck (1973). The area profile of the volute was modified by keeping

the same minimal areas at the tongue and modifying the area leading to the volute exit. The
results showed that W K H ODUJHU YROXWH KDG DQ LPSURYHPHQW
operating range, whilst the smaller volute had a smaller discharge area,mwdelied poor

performance at high flow rates, due to the high levels of flow separation from the leading
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edge of the tongue. It was found that the size of the volute has a direct impact on the stage
performance of the turbocharger compressor, more predominantly at high mass flow rates. As
the volute size reduced, the stage efficiency and pressure ratio ¢credstel at high flow

rates, and if the operating efficiency limit is fixed, then this has a significant reduction in
operating range as the size of the volute decreases. Therefore, the smallest volute size showed
better performance in terms of pressurerand efficiency. The design of the volute also had

an hfluenceon the performance upstream of tlaneless diffusewith theoriginal cast This

exhibited maximum pressure recovery coefficiemthile the fabricated volutes showed a
progressive increase throughout the flow range, however, when reaching to high flow rates,
this increase was very slight. There has been no consideration of frictional effects in this

investigation.

Phuong et al. (2002) carried out a two part analytical study. The first part describes a new
volute design system for centrifugal compressors by Bezier application, specificapling

and Bezier polynomial48]. The findings report that any desired industrial component can

be defined accurately using the developed code. The authors have demonstrated the success
of the code to generate 2D and 3D crssstion models of the volute with parameters defined

by the user. Automated mesh generation code has also been developed producing structured
grids of high quality. It is stated that volutes are to be designed in accordance to the designer
needs instead of geometrical categories. The developed code can produce RYHU YR
designs with ease, allowing parametric studies to be carried 48jt.The second part
describes the design methoolgy of the developed codes for centrifugal compressor volute
design. The findings were positive in that the design methodology is effective and efficient
with high quality structured mesh. The tool correlates directly with CFD and can be used to
carry out parametric and optimisation studies. This study however, does not account for
losses present in real conditions or the flow characteristics. There is a gap to develop a novel

design methodology for centrifugal compressors based on real flow conditions.

Staglich et al. (2008) experimentally and numerically studied the improved diffuser/volute
combinations for centrifugal compressof$0]. The authors present simultaneous
optimisation of the diffuser and volute. Two modifications have been made: one where
frictional losses are reduced between the diffuser and vblteliminating the wall in
between; and the other where the secondary vortex in the volute is weakened by decelerating
the redial velocity at the diffuser outlet. The findings report that the asymmetric diffuser

presenter slightly higher circumferentialepsure variation at the impeller outlet during off
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design conditions, which increases the dynamic loads on the impeller and bearings. Further to
this, low solidity diffuser combination with the internal volute depicted pressure ratios and
efficiencies near to the combination if a concentric diffuser with and larger external volute.
This study manipulates the flow characteristics by modifying the geometry. It is useful to
investigate how incorporating certain flow parameters, such as accounting for frictional

effects, into the expression is used to design improved and realistic compressor volutes.

Qiang et al. (2010) numerically studied the influence of various volute designs on volute
overall performance using CFD by analysing the affected parameters being the volute’s
crosssectional area, the shape of the cesstion, radial location of the cressction,

location of the volute inlet, and the tongue geomdtt9]. The three various tongue
geometries conducted for this sector of the investigation are, at 45 q, 40 g, and 50 g. The volute
was designed using the same expression as the previous study, as that gdtsie(lB73).

The overhang magnitude was also specified and computed in the same manner. The results
identified that there wergariations at extreme offesign conditions such as stall. This is
where the difference margifor total pressure loss coefficie and static pressure loss
coefficient LV DSSUR[LPDWBOD S SUR|L Predpdtidly Theseare smaller

when the system was operatingear the choke condition.his study established that the
optimal performance duringlesign and offlesign onditions is of the volute design
consisting ofmedium 360 grosssection radius with 45tgngue angleThere has been no

consideration of frictional effects in this investigation.

In 2011, Yang et alundertook a numerical study on the design of the puwolute using
Computational Fluid Dynamics (CFD) to investigate the volute throat region, volute cross
section geometry, design rule of spiral development region, and radial gap between the
impeller and volute tongue, which is a sensitive parameter sadigifof interesf43]. When

this gap is too small, the impingement it creates has an impact on the system in that although
it improves efficiency, it howexr decreases the vibration characteristics and causes
cavitation to occur near the volute tongue. By increasing this gap, although it would improve
the vibration and cavitation downfalls, it will however, decrease the efficiency of the system.
This study esearched radial gaps of between 5mm to 20mm where the optimal distance with
the highest efficiency was achieved at 15mm, being 0.053 x the impeller diameter, or the
volute base circle diameter is 1.107 x the impeller outlet diameter. Furthermore, adidhe r

gap increases the pressure head and shaft power variation is excessively small and when the
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gap is 20mm the head starts to decrease. The optimal radial gap has been determined with the
highest efficiency. The gap in this study is to explore thenteteous flow behaviour of the

centrifugal compressor with respect to the volute design and the head loss incurred.

In 2012 and 2013, Mojaddam et al. carried out an experimental and numerical study
investigating the effect of centrifugal compressor votrtesssection shape on performance
characteristics and flow fielflL, 51]. For the volute design method, the authors employed
same basic principles and assumptions on the basis of neglecting friction. The conservation

of angular momentum which is also known as the free vortex law is defined as:

%= -

This states that the flow velocity at the location of the radius centraildeoérosssection

maintains at a constant.

Assuming that from the diffuser exit there is equal distribution of tangential flow at any given

circumference, wheré= 0 P Kegiving:

a

5Vt s=
Se){iide) >

D/

Furthermore, assuming the gas density is constant since the Mach number is low providing
the following approximation for the desired cro8SHFWLRQ DV D IXQFWLRQ RI

#o_ _ a
N~ ' 28é-

When considering friction, the flow inside the volute causes total pressure loss which is also
determined by friction head loss, given by:

%e @ .

2 C &;

@5 %
Where h is the head; ts the friction factor, & is the average flow velocity, {Ds the

hydraulic diameter an@ = N@.a

The other crossection increments are calculated using the principle of the continuity

equation, given by:
#s %= #e%
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And the Bernoulli equation, given by:

0, 0,
TL5+L§= fL6+_/§+D
eC 2C eéC 2C

% 5
D= Z_Cd FI?6 h

The authors modified the volute shape by altering the shape
factor, =where * = =Nnd 9 = M_with H denoting the
height and W denoting the width, and r denoting the radius
of the volute crossection. Altering this shape factor has an
effect on the horizontal and vertical ellipse with the

constant area. . .
Figure 2.1 Volute CrossSection Shapgs]

Three asymmetric centugal compressor volute test cases were designed for the
investigation. One test case had shape factor of 0.8 for horizontal ellipsesectes;
another test case had shape factor of 1 for circular-esxd®on; and the last test case had
shape factor of 1.25 for vertical ellipse creetion as shown in. The radius centroid for

determining the overhang magnitude had been given by:
4= N+ 04759

The numerical study generated these geometries and employed unstructured tetrahedral mesh
elementsconsisting of refinements at the tongue regions due to steep gradients. The results
state that all cases almost have the same values for the compressor performance
characteristics. Additionally the elliptical cressction volute (case 3) exhibits improved
performance, total pressure ratio and ttdalotal isentropic efficiency in comparison with

the other crossection volutes. Moreover, it was identified that there was less static pressure
non-uniformity around the impeller compared to the other casésramass flow rates, and

case 2 identified as causing the least amount of net radial force on the impeller as a result of
circumferential pressure namiformity. The numerical data was validated against the
experimental, which identified good agreemdiitere has been no expression established for

the volute design incorporating friction as a parameter.
Shyam and Vithuraj (2013) developed a Mathcad tool that can create 3D structures of

centrifugal air compressor volutes from crggstional profiles thatan be imported into any
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CAD software for modellind52]. The authors generated six different profiles with the
assistane of suitable algorithms. These crasstional volute profiles are: (i) Rectangular
External; (i) Rectangular Serttxternal; (iii) Elliptical External; (iv) Elliptical Semi-
External; (v) Circular External; (vi) Circular Serkternal. The algorithms provide
geometrical properties and 3D-oadinates for the fultollection plane for each volute type.

For the two rectangular profiles, there are also these algorithms separately for the exit cone.
For the outputs, the Mathcad software converted the algaitinbe programs for each
volute, thus 24 programs were created for the six volutes, which was combined together as a
single Mathcad file. A program known as Choice was added to enable users to select between
the six volutes. The output program comprised ®fparts. These are: (Hull Collection

Plane Geometrical Propertjgd) Coordinates for the Full Collection Plgn@i) Exit Cone
Geometrical Propertiegiv) Length of the Exit Congv) Coordinates for the Exit Conévi)

Area Variation of Full Chbection Plane (vii) Circumferential Area Increase of Full
Collection Plang (viii) Radial Orientation of Full Collection Planéx)Variation of Full
Collection plane around Diffusefx) 3D Contour Plot of the Volutgxi) Variation of the

Exit Cone; (%) Radial Orientationof the Exit ®ne. The results were authenticated and
validated using a commercial softwvare COMPAERO®, which showed that tool was an
excellent match and successfully developld. expression has been established for the

volute design incorporating friction effects.

Doustmohaamadi et al. (2013) conducteaperimental and numerical investigation of losses
in centrifugal compressor componen5]. The losses in each component were studied
separately and the decrease in compressor efficiency for various mass flow rates and
operating speeds has been captured. The volute loss has been predicted using the correlation
of enthalpy and entropy. The enthalpy loss calculation is given by:
%

Dhacee- =

Where K has been recommended to be a value of 0.5, thus the entropy gain factor from the

volute inlet to the volute outlet is denoted by:

A (Dhamal
8go= HF%@*G’E
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For this study, the authors have used a 1D model to predict the compressor characteristics
since it was believed to have reasonable accuracy and reduced simulation time.

Unfortunately, the restd discovered that the flow structure could not accurately be captured

in the volute since the flux within this component is complex and -ireensional. The

results have identified that the volute is the second prime source of entropy generation after
the impeller. The numerical data was validated against the experimesuék,identifying

good agreementThe head loss throughout the centrifugal compressor volute could be

integrated as a parameter into the expression for a realistic volute design.

Fdlowing from this, in 2014 Mojaddam et al. carried out an experimental and numerical
investigation of radial flow compressor component log&3. Since 1D and 2D was
discovered to be of limited interest due to the unreliability of results, a 3D model was
employed into this study using unstructured tetrahedral mesh elements with refinements at
the tongue regn and inflation layers on the impeller and at the volute inlet and outlet
boundaries in order to capture the flow in proximity of the walhe results identify that the

total pressure loss coefficient for the volute reduces down to its lowest value at the maximum
efficiency at low mass flow rates, and then rises to its highest values at high mass flow rates.
It has also been discovered that at low mass flow rates, there is a constant increase in static
pressure due to the volute construction being exeely large for low mass flow rates, thus
operating as a diffuser. Conversely, at high mass flow rates, the flow accelerates and results
in a pressure drop due to the volute being excessively small to allow high mass flomigh-

thus operating as a ndezin a circumferential direction. The numerical data was validated
against the experimentatsults,identifying good agreement, though the variation between

the two is said to be due to leakages among the components, effect of heat transfer and
roughnessGiven this, there has been no consideration of frictional effects or head loss in this

investigation.

In 2014, Mojaddam et al. conducted an experimental and numerical study on the optimal
design of the volute for a turbocharger radial flow compre§Sd}. This investigation
focuses on the identifying the optimum values for the effective parameters of the volute;
being the exit cone, tongue, and the cressional area of the scroll. This was undertaken by
modelling different volutes with the same impeller and vaneless diffuser. The authors created
six asymmetric volutes where one had been designed usn8tépanoff model, three had

been designed using the Pfleiderer model and two had been designed usoupsiant
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angular momentum. The overhang is generated through the ratio of area centroid and radius

centroid, given by:

#O_ N5(1+ 3é\ﬁ])
4o N+ N1+ 1wy

The crosssection shape is comprised of three quadrants of circular arcs and the fourth

guadrant being a square. The velocity field at the diffuser exit is redarréoe design. The

WRQJXH DUHDV LQYHVWLIJDWHG KDG EHHQ DW WRQJXH DQ.
f $ ' FRGH KDG EHHQ GHYHORSHG E\ WKH DXWKRUV WR ¢

station of the compressor, which had been valtlhtethe experimental data. Using this, the

mean radial and tangential velocity components had been extracted at the vaneless diffuser

exit at the mass flow rate design point. These models had been analysed at design and off

design conditions. The results confirm the geometries that affect the volute performance are

the throat, crossectional area, exit cone opening and tongue location. In order to analyse the

overall performance, the authors investigated the total pressure ratio, static pressure recovery,

total pressure loss coefficient and radial force on the impeller for different mass flow rates at

each design point and ediesign condition, which had been calculated. The results depicted

good performance at design and-o#sign conditions on the votutdesigned using the

Pfleiderer model with its constant at 0.5, which showed an almost linear area distribution.

This model depicted the highest performance and causes lowest net radial force on the

impeller at desired mass flow rates. Additionally, it viagnd that if the pressure ratio is

improved and total pressure loss is reduced, it can cause an increase in radial force on the

impeller and provide poor results at-aksign conditions. Furthermore, an increase in tongue

angle results in approximately WRWDO SUHVVXUH ORVYVY DQG GHFUHD

DSSUR[LPDWHO\ ZKLFK VKRZV WKDW DOWHULQJ WKH WR

leads to a decrease in volute performance. Moreover, the optimum values for the volute

geometry was disceved to be at 1IRU WKH H[LW FRQH RSHQLQJ f URX!

at 360 dpr the crosssectional area of the scroll. Although this study determined the optimum

values for volute design, there has been no consideration of friction in the design to

compensate for lossder a turbocharger compressor stage, which would provide realistic

solutions.

Zhou and Lee numerically compared the performance between two types ohrthree

overhung volute for an automobile turbocharger compressor in 2014 using ANKEX
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[55]. Overhung volute has been selected for this study shee dre commonly used to
restrict the radial space needed for gaining entrance to the rear face of the compressor, where
the bearing housing is attached via a flange or a clamp. The author states the volute
performance falls due to swirl velocity sinceiedd/elocity cannot be recovered at the exit of

the diffuser. This results in radial velocity losses due to the shape change of the voludte cross
section, which in turn, becomes the swirl velocity component. Since the swirl velocity
component is responsibfer radial velocity loss, friction loss and heat, the authors aim to
reduce swirl losses in this study. In addition to this, the authors also aim to achieve high
pressure recovery and low pressure loss. All these factors are focussed on to improve volute
performance. The authors have conducted this study with two volutes. The first volute
consists on radially long crosgction, while the second volute consists on axially long €ross
section, both comprised of 3 arcs. The results depicted that the sedatedexdibited more
uniform pressure and velocity distribution through all cesdtion, including the tongue
region. Additionally, the second volute showed higher static pressure recovery and lower
total pressure loss. Furthermore, even though bothestit not perform well at offesign
conditions, the second volute still identified higher volute performance through all flow rates
compared to the first volut&he gap in this study is to identify the energy losses through the
centrifugal compressor ute to gain a better understanding. et al. (2015)numerically
investigated the design of volute shape of centrifugal {48k Three models had been
studied: original fan (OF); modified fan with area constraint (MF); and mddifie without

area constraint (MFW). The authors had developed a-ohjkictive genetic algorithm in
MATLAB to determine the volute radius of a centrifugal fan to achieve improved
performance under variable working conditions. The authors developed an equation based on
three assumptions: the flow inside the volute is stable; fluid viscosity has been ignored
because viscous force is very small with respect to the inertial force; the effluent speed of the
fluid from the impeller is uniform. The equation thetd been developed for the volute radius
profile, applicable when designing without considering the performance under variable

working condition is:
__3 3
4 = 4 Re¥Bk

Where, Q is the designed flow (m3/s); B is the volute inlet width (m), G the

circumferential velocity at the impeller outlet (m/s);iRthe impeller radius (m); andis#he
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rotation angle (rad). When designing to take the variable working condition as a performance

consideration, the equation for modified volute radius profile is:
03 i
4% = 4, Re¥h b

:KHUH 3 LV WKH IORZ UDWH FRUUHFWLRQ FRHIILFLHQW JLY

A

Where K and K are the optimisation parameters determined under the effects of variable
conditions found through integration. The threatg@ugal fans had been modelled and CFD
based analysis had been used to compare the performance and verify the validity of the
proposed design system. The results concluded that the volute designed with modified area
constraint (MF) depicted the highedti@ency with stable static pressure under variable
working conditions. The original fan (OF) depicted leakages and losses at the volute tongue;
with large vortices and prominent static pressure fluctuations at the outlet. The MF volute
demonstrated preméion of fluid leakage from the outlet to the volute tongue with smaller
vortices and suppressed secondary flows. The authors stated thepthnanalysis of
dynamic characteristics with the optimised fan volute is in demand under transient
conditions. There has been no consideration of friction, which can be implemented with

centrifugal compressors.

Henrich and Swarze (2015) presented a numerical investigation on a scripted CFD tool for
the automated design of volutes for centrifugal compregd6ijs 7KH DXWKRUV XVHG é
create a script for generating the volute design, which is representedspynd®s as a
function of the azimuth angle. The purpose of this script is to have the freedom to easily
adjust the volute geometry in order to produce large variations, optimisations and design
parameters automatically without a manual design process. The authors also investigated the
effect of volute tongue radius on the overall performance. The shape of the volute had been
divided into three parts: radial diffuser; volute; axial diffuser, having 11 parameters within
these three parts. Representations of the volute geometry have been made by a third order
spline using eight knots each. By adding more knots to the spline can achieve the generation
of more complex geometries. Three models had been created for this study to investigate the
volute flow using OpenFOM: complete model comprising of the inlet, impeller and volute;

simplified model comprising of impeller and volute; and the vetutly model. The volute
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tongue radius and crasgction shape had been investigated with the voloie model. The

radii studed were 1.5mm and 5.5mm, respectively. The results depicted that there had been
RQO\ GLIIHUHQFH EHWZHHQ WKH FRPSOHWH PRGHO DQG
does not play a very important role in the volute flow. The influence of shape showed that
symmetric crossections performed the weakestaving lowest pressure recovery and
highest pressure losses. The asymmetric €gsessons showed improved performance with

one slanted circular crosection having higher pressure recovery and lower pressure losses.
The authors have suggested additional work to be undertaken via optimisation study to
determine the optimal volute shape. For the investigation sector of the tongue radius, it had
been discovered that the small tongue radius had no influmngolute performance at small
crosssections; however at large cressction, the larger radius indicated improved
performance since the separation at the tongue region had been suppressed. The scripted CFD
tool has not been presented in the article and surface roughness has not been considered in the

study.

Tanganelli and Cencherie (2018) investigated loss generation mechanisms inside different
centrifugal compressor volutes for turbochardéis The authors have observed the sources

of thermodynamic irreversibilities inside different compressor volutes. The three cases
investigated are circular symmetric with “ideal” shaépgengue, which allows flow to be
FROOHFWHG DW f ZKHUH WKH Ddif¢hRar $ymnvtkdiwithéuO X WH L
tongue; and elliptical asymmetric. The authors carried out this investigation at three mass
flow rates, namely, low, design and higThe results analysed the loss indicators, total
pressure loss and entropy generation in the three volutes. It had been found that using only
total pressure fields would lead to incomplete considerations, therefore esirgpy
generation rate to emphasisn the significance of evaluating losses, accurately allows the
irreversibilities to be localised. Further to this, it had also been found that it was not possible
during the investigationo determine if the low pressuezeas areharacterisedy a local

source of loss, or if it is the sum of upstream losses experienced by th&iihgiel .this study
focused on the total pressure loss and entropy generation, it is useful to investigate the other

flow characteristics and its behawur in voluteswith different crossections
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2.4  Scope of Research

Knowledge for defining a realistexpression to design a centrifugal compressor volute for a
turbocharging application is severely limited. The expression that is currently available is an
approximaton derived originallyfor a symmetric typeircular crosssectionvolute for a fan
application assuming ideal conditionsResearchers are generally implementing this
approximation upon various crossectional geometries for the design of centrifugal

compressor volutes, including the overhung type.

Majority of the research is carried out regarding volutes are on centrifugal pamdps
centrifugal fan applications rather than on centrifugal compres#otiserefore,becomes
difficult to monitor and analyse predicted flow structure for a turbocharging application
where alternate phenomena and additional components are at work. Although all three volute
are designed usinpe same principk the application for the volutdiffers according to the
system With the introduction of modern computational tools and sophisticated software to
model and simulate fluid flow in turbomachinery, there is great potential to study the
complex flow structure within a turbocharger compressor stage focusing predomorantly

the volute Extensive literature review has suggested the designing a centrifugal compressor
volute should focus on evaluating the flow structure and pressure losses around the volute, as
well as the interaction between the impeller and vo]aitel0, 19, 57, 58]. Based on the
review of published literature, key asetor the volute design methodolodyave been

discovered.

The first areaexplotes the flow mechanics inside the turbocharger compressor atajés
volute This is carried out by numerically simulating the steady respordesan and off
designconditions Global analyses aarried outto understand thigow structure across the
entire turbocharger compressor stagd localanalyses arearried outo understand the flow
structureinsideits volute. In order to understand the flow features at design andesign
conditions, this sector of the study explores the flow field at low operating speed and high

operating speed at low flow rate, design flow rate and high flow rate.

The second area explores the interaction betwse=impeller blade positionsith respect to

the volute tongueThis is carried out by numerically simulating the instantaneesisonsge
analysing the centrifugal compressor stage and its volute. Global analysesrie out to
understand the flow structure across the entire turbocharger compressor stage land loca
analyses are carried out to understand the flow structure inside the @ohae.volutes are

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 50
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER TWO: LITERATURE REVIEW

designed to design conditions, this sector of the study explores the flow field at low operating

speed and high operating speed at the design flow rate.

The tird area investigategarious volute crossectiors for the centrifugal compressorhe
centrifugal compressor volute has been designed to ideal condatohactual conditions.

The volutes designed to ideal conditions neglect frictional effects in its design approximation,
while thevolutes desigred to actual conditions incorporate frictional effects into its design
approximation.The existing approximatio for the volute is employed as the base for the
derivation of a symmetric volute expression incorporating frictional effects as a parameter to
account for ‘real’ conditions. In order to achieve this iterative method is used to match the
pressure head at the volute. Following on from this, the same approach has been taken to
develop a methodologyor designingan asymmetric volutesince this volute type are
commonly known to achieve optimum performandéis final model is compared and
evaluated againghat which currently existsThis sector of the study focuses on the novel

design methodologyhence this investigation has been carried out on the design flow.

2.5 Research Objectives
1. Analyse the flow characteristicd the turbocharger compressor stagd itsvolute at
design and offlesign conditions at low and high operating speeds dwiiegdy

response.

2. Analyse the flow characteristics the turbocharger compressor stage andaliste at
thedesignconditionsof low and high operating speeds during instantaneous response

focussing on the effect of impeller blade position with respect to the volute tongue

3. Develop a design methodology for symmetric type turbocharger compressor volutes
of various crossections neglecting frictional effects darincorporating frictional
effects as well asasymmetric type turbocharger compressor volute incorporating

frictional effects.

4. Analyse theflow characteristicof the symmetric type centrifugal compressor volute
with various volute crossections and investigate the incurred energy loss through the

volute during steady response

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 51
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER TWO: LITERATURE REVIEW

5. Analyse the flow characteristicsf the asymmetric type centrifugal compressor
volute, investigate the incurred energy loss through the vahdecompare this model

with the orginal existing model duringteady and unsteadgsponse

The next chapter discusséstails of the numerical methodology employed throughout the

present study for achievirte above objectives.
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CHAPTER 3
NUMERICAL MODELLING OF THE
TURBOCHARGERCOMPRESSORSTAGE

On the basis of theesearch objectives that have been formulatetthe previous chapter,

advanced Computational Fluid Dynamics (CFD)}echniques have been used to
computationdy simulate the turbocharger compressor stages chaptedocuments various
stages involved during numerical investigatian It includes the pre-processing stage,
detailing thegeometry and mesh of the systethe solver execution stage, detailing the
solversettings, boundary conditionghat have been specified, turbulence modelling,
discretization, convergence criteria; and the qpostessing stage, detailinige locations of

data extraction for analyses carried wuthis research study
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3.1  Numerical Methodology

The numerical investigation of this study has been undertaken using Computational Fluid
Dynamics (CFD) based tools that uses complex algorithms and iteratively solves the
numerical equations governing the fluid flow in systems didtdtg specified boundary
conditions. Further details on CFD are described in APPENDIX 1

This section will focus and elaborate on the working principles of using CFD; the governing
equations relative to this project; gveocessing involving the geometry and meshing of the
volute designs; and the solver execution stating the boundary conditions and numerical
parameters setup for the models.

FLUENT v.17 is a commercial code usddr Computational Fluid Dynamics (CFgased
analysisdue to its simplicityease of usand polyhedral meshing capabilities, which provides
efficient simulation time with high levels of accuraitythe results achieveduring this
investigation,FLUENT v.17 has beenusedto solve a compressible flowbased problem
within a turbocharger compressor stage. This flow problem invdbegls, rotating and
stationary domains within a turbochargeor steady state conditionsul Referencdrame
(MRF) approachs used to define the motion of the impeller blades since this is thegota
domain of the turbochargerhié approach howevetpes not resolve the transient effects i.e.
flow interactions with the impeller blades. Thenef, for tansient conditions, Sliding &h
(SM) approachis used whereby flow interactions with the moving blades of the impeller can

be simulated and investigated.

3.2 Pre-Processing

The preprocessing in CFD is partitioned into two main classifications, which areréation

of the geometry and the meshing of the flow domain. This section provides details of the
geometry and the meshing of the turbocharger compressor stage using FLIENT
ANSYS Workbench.

3.2.1 Geometry
Figure 3.1 depicts he geometry of the turbocharger compressor stage which had been

provided by Cummins Turbo Technologies as .igs fileDesign Modeller of the geometry
stage, the model had reseparated by creating two sketch€kis enabéd specific mesh
sizing to be seffor various components and facdisalso enabled the impelléo be setas

“rotating” in the solvewhilst other components remained as “stationary”
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Inlet and outlet xtersion pipes ha been created at the inlet and outlet of the compressor
stage.The purposegfor installing these extensions dweensure that fully developed flow at

the compressor stage inlet and outllet achieved during numerical simulatidine length of
these extension pipes have been calculaedhe basis of the flow type for its given
application. According to theory, for turbulent flow the extension length is approximated at
[27]:

ceaderdi0 &
Equation3.1 Extension Length Approximation

However for this applicatiorsuch long extensions are no needed since there is negligible
variances in results achieved Therefore these extensions have been designed in
correspondence with that of the company. The length of inlet extension upstream of the
turbocharger compressor géahas the axial length of the impeller, whilst the length of the
outlet extension downstream of the turbocharger compressor stagieehlangth of 3hut

which is suffice to obtain the most accurate boundary conditions with a reasonable velocity

profile and with minimal numerical flow instabilities

DIFFUSER

Figure 3.1 Turbocharger Compressor Stage GeometrpNSYS Design Modeller

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 55
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER THREE CFD BASED MODELING OF A TURBOCHARGERCOMPRESSORSTAGE

3.2.2 Meshing
There are six bodies within the geometry, nanteing inlet; inducer; impeller; diffuser;

volute; outlet. Namedelectionshad beerset on every face of the turbocharger compressor

stage assemhly

The mesh element size set for the blades, bledesngedge, bladegsrailing-edge are 1mm,;
bladestips are ®mm; impeller hub is 1mm; diffuser is 0.5mm; volute is 0.8mm; velute
tongue is 0.2mm; shroud is 0.2mm; shrdalictd is 0.2mm; recess is 0.5mm; SRCT is 1mm

and inlet duct is 2mm. In order to achieve superior mesh quality, the global mesh was set as
fine, medium smoothing, slow transition and curvature size function with a growth rate of
1.1. The minimum global mesh size was set at 0.2mm, whilst the maximum face and mesh
sizes are set at 4mm. Having specified these mesh sizes resulted in 20million mestseleme

This initial tetrahedral mesh on the compressor stage and hexahedral mesh on the extensions

are displayed ifrigure 3.2.

Figure 3.2 Mesh Generatioin ANSYS Meshing

After reaching this stage, the mesh had been exported into FLUENT and converted into
polyhedral elements as displayed in Figu8e3. Using polyhedral mesh elements
demonstrated benefits of being able to use higher number of ANSYS Meshing elements with
good accuracy and significantlgdstime consumption. This was possible since the number

of elements in the initial mesh had been reduced by a considerable amount. For example, 20
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million tetrahedral and hexahedral meshing elements converted into only 4 million
polyhedral elements.

Figure 3.3 Conversion to Polyhedral Mesh in FLUENT

The mesh independence study had been carried out at the BEP of the experimental data, as
shown in Figure 3.4. It became evident there were negligible variances after 4 million
elements and had the least variation in pressure ratio and isentropic efficiency against the
experimental data. For thesasens, 4 million elements had been selected to be reasonable
for pursuing this research study.

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 57
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER THREE CFD BASED MODELING OF A TURBOCHARGERCOMPRESSORSTAGE

®
A
2.5 100 W
(@4
T
2.4 95
L
2.3 90 -
Z —@—Pressure
_. 22 8 Ratio
E — 4
o021 ¢ 80 v
IS —0 ® o
[a'd
3 20 75 2 _e—Isentropic
5 = Efficiency
? 1.9 70 O
@ T
O 18 65
1.7 60
1.6 55
1.5 50
0 1 2 3 4 5 6

Mesh Elements [million]

Figure 3.4 Mesh Independence Study

3.3  Solver Execution
The commercial code for solver execution used in the present study is FLUENTThA 7.

details of the settings implemented on the numerical analysis are presented in this section.

3.3.1 Solver Settings
The solver settings are set enablregsonablyaccurate calculations and predictions for the

flow fields. In solver control, the equation classreveset for continuity, momenturand
energy with Green Gauss Node Based Second Quezction scheme ancbnvergence
criteriaof 1e06. For the unsteady casesecond order implicit method has specifiedthe

transient formiation.

3.3.2 Boundary Conditions
Reviewing back td=igure 1.7 it can be seen there are gmoints per speed lind.he inlet,

inducer, diffuser, volute and outlet are stationary parts while the impeller is rotating at
various operating speeds

Operating conditions have begpesified as) atm. Pressure has been selected for the outlet
boundary condition, while ass flow rate has been selected foetinlet boundary condition

with total temperature of 288KThe values specified for the boundary conditions are
respectively to the design point for the operating condition provided by the company
7TXUEXOHQFH L Q@AY be@nvspéatiifiedit the inlet boundary condition D QG DW W
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outlet boundary conditiomas specified by the software guidelinésr turbomachine

applications §1, 62]

For the compressor stage of the turbochargeslipoeonditions have been applied at all
walls. This means viscous effects causing the fluid to stick to the surface result in zero
velocity at the wall boundary. Slip conditions are used where viscougtseffiethe wall are
negligible and/or the mesh is much coarser than the boundary layer thickness. Smooth wall
implies there are no protrusions in the wall surface whereas rough wall implies there are
protrusions in the wall surface and require this to ecisied relative to the sand grain
equivalence. If the wall roughness is smaller than the viscoumgeaibthen the flow can be
considered as hydraulically smooth as its effects are negligible. However, if the wall
roughness is larger than the viscous Byer,this protrude and destroy the viscous fayer

and isknown as a fully rough wall or hydraulically rough. Calculations can be carried out to
determine whether the protrusions are of significant size, which would affect the numerical
solution.Equivalence sand grawwall roughness of 8 microns had been specifiedvalls in

the inlet, inducer, impeller, diffuser and outlet domainsand 32 microns for the volute
domain.These have been calculated based on the casting data of the original volilie and
machined equivalent surface roughness data of the other components. After undertaking some
calculations to determine whether the wall roughness would have an effect on the numerical
solutions, the results identified transitional roughness. This means protrusions on the surface
are slightly larger than the viscous daler, which can cause disturbances and therefore, it
hasan effect on the floy63-67].

3.3.3 Turbulence Modelling
The turbulence model used is Shear Stress Transport (SST),isvhiceddyviscosity model

consisting of two equatiorthat compriesof the “best of both worldsusing a combination

of k- & D Q GfoMaulations.It is selected to enhance accuracy of flow predictions with
extreme adverse pressure gradients and boutagey separation induced by press(#8,

69].

The optimum features of the & P R @relénployed through the viscous slayer of the

boundary since therare no requirementsf any damping functions. Thisnablesreliable

accuracy forconsiderablhjhigher numerical stability than the® P R G H O Additionalg the k

model is superior to the ¥ PRGHO LQ WKDW LW FDQ EH XVHG LQ LW
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boundarylayer wherebyits behaviour is exceptional in adverse pressure gradients and in

compressible flow$68, 69]

The optimum features of the @ P R G HeinployédHinthe wake region of the boundary

layer since the k& P R G He&®ceptignallyprofound to the inlet freestreamturbulence
properties. Additionally, the @ PRGHO LY thekSH B R B U O in that it can be utilised in
the free shear layers as it characterises a reasonable compromise in accuracy for wakes, jets,

and mixing layer$68, 69]

3.3.4 Discretization
In order to discretize a model, it is essentially being broken into many mesh elements. In

threedimensional models these mesh elements can be characterised as tetrahedral
hexahedrabr polyhedral Hexahedramesh elements are much more accurate than tetrahedral
mesh elementghough it can take a great deal of computatiare. It is possible thanhot

every point in the mesh elements are being solved due to numdifiesibd. Thereforeit is
necessary to reduce this by increasing the number of mesh elements, which in turn would also
improve and optimise the quality ohé mesh. Polyhedral mesh elements are much more
accurate and less time consuming thesing tetrahedral element$he way in which
discretization operates is through interpolatiaereby a single point is solved, then that
solution will be interpolatedot solve the next point and so forf0, 61, 70]. SIMPLE
scheme has been employed as the pressloeity coupling. For the spatial discretization,
Green Gauss Node Based has been selected as the gradient with second order discretization to

achieve higher accuracy.

3.3.5 Convergence Criteria
Convergence critea arevital for reachingsystem stability by ensuring that any variations in

flow parameters respective to the iterativeqess havelampened. This creates a sense of

confidence in achievingeasonable and reliable resykgq].

The convergece criterion forcontinuity, velociies in three dimensions ardrbulence
parameters in Ansys 1lin its default state is 0.001. This means that whenchange in
continuity, velocities and turbulence parameters drops down to the fourth place after the
decimal, the solution is treated as a converged solution. However, in many practical
applications, the default criterion does not necessarily indicate that the changes in the solution
parameters have dampened and is therefore beneficiariaathy nonitor the convergence

rather than relying on the default convergence criteria.
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In the present study, mass flow raie the induceiinlet and voluteoutlet faces of the
compressor stageave been monitored throughout the iterative process. Convergence of the
solution has been considered once the massrétes at both these faces have become stable.
Here, a stable solution can eithbe whenthe mas flow rate fluctuations have dampened

completely or have become recurrimgving same amplitude in each cycle.

3.4 Post- Processing
This section illustrates the locations at which the data bas lextracted from through th

following chapters.

3.4.1 Global Data Extraction Locationsthrough the Centrifugal Compressor Stage
For global analyses, in order to understand kawations occur within each component in

the turbocharger compressor stage on a macroscopic level, data has been extracted from the
inlet and outlet locations of each component at the interfaces as illustrated lie Figu
Where, 1 is the inducer inlet,2Lare inducer outlet and impeller inlet3Zare impeller outlet

and diffuser inlet, 3+ are diffuser outlet and volute inlet, and 5 is the volute outlet.

Figure 3.5 Centrifugal Compressor Stage Global Analyses Locations
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3.4.2 Local Data Extraction through the Centrifugal Compressor Volute
For local analyses in order to understand the flow characteristics on a microscopic level,

Figure 3.6 illustrates plane locations created to extract data and conduct analyses for this

research. It is important to understathat flow inside a centrifugal compressor volute is

three.GLPHQVLRQDO FRPSUHVVLEOH DQG WeXtidk X @idfpsl $W f

into the largest crossectionof the scroll and hence has been consumed by the tongue. Given

this, the first crossection of the scroll has been taken as the first plane to extract data, which

is situated above the tongue and differs from symmetric to asymmetric type volutes. The

location for extracting dattK DYH EHHQ VHOHFWHG WKURXJKRXW WKH Y
f. Following thisyarious locations arepecified according to the design stages of the

volute, namely, the cut off location, m&kit cone, tle discharge duct and the outlet. For

continuity purposes downstream of the-¢&eail ORFDWLRQ WKH D]JLPXWK DQJ

FHQWUDO ORFDWLRQV RI WKH H[LW FRQH GLVFKDUJH GXFW

Figure 3.6 Centrifugal Compressor Volute Local Analyses Locations

Figure 3.7illustrates the lines on the profile that have been-postessed in the radial
direction and axial direction. 2Q HYHU\ SURILOH GDWD KDYH EHHQ H[W!I
along thee lines in theadialdirection and axial directioim order to determine how the flow
varies The line in the axial direction begins at the rear fac® @thd ends at the front face of
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the volute (H2), whilst the line the radialdirectionbegins at the volute inlet (V1) and ends

at the outer curve of the volute (V2).

Figure 3.7 Profiles for Data Extractionalong theRadial Direction and Axial Direction
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3.5 Scope of the Numerical Investigations

Based on the above results, Chapter 4 comprises of steady simulasiogsthe multiple

reference frame approach. These simulations are conducted across low operating speed of
USV ¥. DQG KLJK RSHUDWLQJ VSHHG RI USV ¥. DW OF

high flow rate This is because there are variations in flow conditions as the volute performs

further away from its design point. Whdretvolute is operating atlow flow rate, the fluid

becomes diffusive, whereas when the volute is operatiadn@h flow rate, the fluid velocity

increases, resulting in logeneration mechanisms. Therefore, in turbocharging applications

where coveringa wide range is crucial, makes exploring these variations, relegant [

Chapter5 comprises of transient simulations usitige sliding mesh approach. These

VLPXODWLRQV DUH FRQGXFWHG DFURVYVY ORZ RSHUDWLQJ

VSHHG RI USV ¥. DW ORZ IORZ UDWH GHVLJQ IORZ UDWFEF

focus on the design flow rate at the twoexggeat two impelleblade positions with respect to

the volute tongue. Chapter 6 comprises of steady simulations of six symmetric type volute

models and one asymmetric type volute maiiete the volute shape is frequently driven by

limitations and constrats in space available in the vehicl.[A transient simulation of the

asymmetric model using the novel volute designho@blogy has been simulated and is

compared against the original existing volute model at the BEP at a high operating speed of
usSv ¥. 7KLV KDV EHHQ VHOHFWHG DV D UHVXOW RI WK}

being in good agreement at this design point in the compressor efficiency map.
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CHAPTER4

FLOW CHARACTERISTICSINSIDE A
CENTRIFUGAL COMPRESSORVOLUTE DURING
STEADY CONDITIONS

This chapter numerically captures the aerodynamic fibaracteristicof a turbocharger

compressostage, as well as the flow structure through the vauatess numerous profiles
These investigations are carried out usiigltiple Reference Frame (MRF) model within
CFD based techniques fermulatingsteadyresponseat the pecified operating speeds and
their corresponding design points. A thorough understanding is gained in this section where
the strengths and weaknességhe existing model have been identifienbrrelating local
performance indicators with the global performance indicators to explore the flow behaviour
against that which is expectedtheory Fluid flow structures have been captured along the
radial direction and axial direction of each profile, which has been used to compute the

asymmetric ratio to determine the fldigld dominance during steady response.
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4.1 Baseline Turbocharger Compressor Stage Numericd¥erification against
Experimental

It is important to verify the numerical results against the experimental data in the initial stage

of the study.Therefore, key performance parameters of the numerical simulations have been

comparedwvith the experimental of the centrifugal compressor stageg lpggssure ratio and

isentropic efficiency. This is to identify the accuracy margin for the numerical prediction and

to ensure the numerical setup satisfies the application to pursue developments. The

turbocharger compressor stage has been simulated duwingperating speeds. These are

WKDW DW ORZ RSHUDWLQJ VSHHG RI USV ¥. DQG KLJK |

three mass flow rates. At low mass flow rate, the compressor is performing near surge

condition and this is referred as low flow durittte analyses. At design flow rate, the

compressor is performing at the best efficiency point (BEP) and this is referred as design

flow during the analyses\t high mass flow rate, the compressor is performing near choke

condition and this is referred as high flow during the analyses. Mass flow rate convergence

had been morored achieving no more than 0.06Y DULDWLRQ EHWZHHQ WKH LQ

the compressor stage.

Figure4.1(a) depicts the turbocharger compressor map at low operating speed of 58.9rps/

and at a high operating speed of 98.2¥ps/verifying the numerical solutions against the
experimental data. It can be seen that the numerical results matekpgrimental data quite

closely at 58.9rps¥ . and is in reasonable agreement 98.2¥ps/At low flow, totatto-total

pressure ratio is the highest; while at high flow totetetal pressure ratio is the lowest. At
58.9rpsk¥ ., the difference in pressure UDWLR DW ORZ IORZ LV PRUH WK
$W KLJK IORZ WKHUH LV D SUHVVXUH UDWLR GLIIHUHQFH
98.2rps¥. WKH GLIITHUHQFH LQ SUHVVXUH UDWLR DW ORZ IORZ
AthighfORZ WKHUH LV D SUHVVXUH UDWLR dédign HowHIQsFH R
identifies that as the operating speed increases of the centrifugal compressor, the deviations

of totatto total pressure ratio between -difsign conditions with the dgn condition also

increases.

Figure4.1 (b) depicts the turbocharger compressor isentropic efficiency map at low operating
speed of 58.9rp¥. and at a high openafy speed of 98.2rp¥ .. It can be seen at

58.9rps#. WKH GLIIHUHQFH LQ LVHQWURSLF HIILFLHQF\ DW (
GHVLJQ IORZ $W KLJK IORZ WKHUH LV DQ LVHQWURSLF HII
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design flow. At 98.2rpsK WKH GLIITHUHQFH LQ LVHQWURSLF HIILFLHC
WKDQ WKDW DW GHVLJQ IORZ $W KLJK IORZ WKHUH LV DC
less than that at design flow. This identifies that as the operating speed increases of the
centrifugal compressor, the deviations of isentropic efficiency betweaesifin conditions

with the design condition decreases.

Since the volute is designed to the BEP, it is of prime interest that an extensively detailed
analysis is conducted to undenstl the aerodynamic flow characteristics through the
turbocharger compressor stage and its volute. Given these results, the focus of this design
study can be satisfied by simulating at low speed of UghiV a¥ high speed of
98.2rpsk . at design and fé design conditions, namely design points, S1, which is near
surge at low flow rate, C3, which is BEP at design flow rate and C1, which is near choke at
high flow rate. Due to the complexity of capturing the actual extreme conditions of surge and
choke, he reference to S1 and C1 are taken as the choke and surge conditions on the

compressor map and throughout this study.

—— Experimental —— Numerical

() (b)

Figure 4.1 Turbocharger Compressor Stage (a) Performance Map (b) Efficiency Map
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4.2 Turbocharger Compressor Volute Performance
The overall volute performance is analysed by quantifying the total pressure loss coefficient
denoted by Kp[1, 2, 17, 46], which is calculated using Equati@gnl and static pressure

recovery coefficient, denoted by Cp, which is calculated using Equation 4.2

_ 2aF 2Zaec

2 F3ua
Equation4.1 Total Pressure Loss Coefficient

ZaecF dua

% E
2iaF2us

Equation4.2 Static Pressure Recovery Coefficient

Figure4.2 (a) depicts the total pressure loss coefficient through the turbocharger compressor
volute at low operating speed of 58&/¥. DQG DW D KLJK RSHUDWLQW VSHH
can be seen at both operating speeds that from low flow to design flow, total pressure loss
decreases then increase from design flow to high, ffmxexpectefl]. The presented results
through the centrifugal compressor volute depicts at 58.8rps/ WKH G Lofl kbtdHQ FH
SUHVVXUH ORVV IRU WKH VXUJH FRQGLW Ldefict&\at EER,Z I10RZ
which is the design flow. For the choke condition at high flow, there is a total pressure loss
GLIITHUHQFH RI Eépictela\BER. @t 98RMP¥. WKH GLIIHUHQFH L
SUHVVXUH ORVV IRU WKH VXUJH FRl@aGthavdt REP, WMEh@GRh2 IOR Z |
design flow. For the choke condition at high flow, there is a total pressure loss difference of
PRUH WKDQ WKDW DW %(3 7KLV LGHQWLILHY WKDW |
increases the deviation of total pressurgs|between offlesign conditions with the design
condition decreases. At high flow, as the operating speed increases, the deviation of total
pressure loss between -@fésign conditions with the design condition increases. Since the
flow into the volute isat a relatively high velocity, ensuring low total pressure loss is

essential to avoid any shortcomings of the compressor effic[@hcy

Figure 4.2 (b) depicts thestatic pressure recovery coefficient through the turbocharger
compressor volutat low operating speed of 58.9rpg/. D Q QGiglDoyerating speed of
982rps¥. W FDQ EH VHHQ IRU ERWK Ié\Sflew o Wdh@aw, gtstid HGV WK
pressure recovery deeases, as expectg?]l. The presented results through the centrifugal
compressor volute depicts at 58.9r6s/ W KH G Lihl$fdtidipgpeSddire recovery for the
VXUJH FRQGLWLRQ DW ORZ IORZ LV PRUH WKDQ WKDW |
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choke condition at high flow, there is a static pressure recokyl  HUHQFH RI Ol
than that at BEPIt is also noticed that static pressure recovery coefficient falls belaiv O

low operating speed, indicating that there are more prekmses taking place at the choke

condition than pressurerecovery. This is a due to secondary flows causing hesshs a

result of friction At 98.2rps¥. WKH GLIIstaticd @dssurel i@covery for the surge
FRQGLWLRQ DW ORZ IORZ LV PRUH WKDQ WKDW DW %
choke condition at highidw, there is a static pressure recové®. I | HUHQFH R OHVYV
that at BEP. This identifies that as the operating speed increases the deviation of static

pressure recoveltyetween ofdesign conditions with the design condition decreases.

(a) (b)

Figure 4.2 Turbocharger Compressor Volute Performance (a) Total Pressure Loss Coefficient (b) Static
Pressure Recovery Coefficient

4.3 Global Static Pressure Distribution around the Centrifugal Compressor
during Steady Conditions

This section details the global distribution of static pressure around the compressor stage of

the turbocharger. The BEP has initially begralysed since at this condition, the compressor

stage performs at its optimum in the specified operating speed. The two extreme conditions

have been analysed after the BEP in order to distinguish the variations between the

conditions.

In generalambient ains drawn into the compressor stage via the inducer as result of force
and moment generated from the rotation of the blacmssed by the mechanical energy
transferred to the impeller from the shafthen the ambient air enters the induders at a

very low pressureThis low pressurdecreases even further when the fluid is directedti@o

impeller. As the fluid flows radially outwards thnagh the passages of the impeli€oriolis
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forces and diffusion simultaneoudigke placeacting as a rotating diffuser amahparting
kinetic energy and pressure ris¢o the fluid When the fow leaves the impelleGentrifugal

forces push the fluidghto the diffuserwhere compressibility and diffusion takes plathe

idea behind diffusion is tmcrease the pressuirethe flowby compresig the fluid Thisin

turn, increaseshe densityf the airand hence affects tmate at which mass flow is delivered

into the volute The diffusionprocess occurs by squeezing the fluid into an annular passage
and directing it along a radial length prior to entering the volute. When the compressed fluid
is leaving the diffuser, the pressure is comparatively high as to when gritexted the stage

Fluid enters the volute circumferentiaiynd radially converting kinetic energy in the fluid

into pressureenergy. This is achieved through the linear increase of the-seotisral area

of the scroll[17, 21, 71]. As the fluid enters the volute at any arbitrary azimuth angle,
upstreantfluid also merges with theaflow in the passageFlow at the tongue is complex.

The tongue is the blend between the smallest @®stsonal area and the largest cross
sectional area of the volutit is essentially a dividing plane whelaitl is either directed into

the discharge duct or recirculateack around the scroll. From the coff, the exit cone and
discharge duct fundamentallyehaves as a conical diffuser, where pressure in the flow
increases further and reaches its highest in the stdgéhe BEP, uniform pressure is
expected to incur arowl the periphery of the volute inlet with reasonably uniform total
pressure across the cressctions At the choke side of the map where mass flow rates are
higher than that at the BEP, losses have been seen to increase gieater velocity
gradients and shear stress@mice the passage of the scroll is narrow it becomes difficult to
build up the pressure causing the flow to accelerate and restricting pressure rise. At the surge
side of the map where mass flow rates are lower than that at the BEP, it is found that pressure
rises from the inlet to the outlet having a fall in total pressure inghtre of the passags a

result of shear stresses occurring interndligj.

Figure 4.3 in the top row, depictstatic pressure variation in the turbocharger compressor

stage during the operating speed of 58.%psdt (a) BEP (b) choke (c) surgebserving (a),

which is the turbocharger compressor stage operation at design flowmdtient air flows

into the compressor stage through the inducer at a static pressure of latm.reiadheheis

1.8 Ccrkase in static pressunden the fluid enters the imped. Whenair particles pass

through the impeller passagasdexits into the diffuserstaticpressure risely . After
compressibility and diffusion have taken place in diféuser, static pressure continues to
LQFUHDVH E\ 2QFH WKH IORZ KDV EHHQ FROOHFWHG L«
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flow has been converted into potential energy, the final static pressure is@etse outlet
E\

Viewing the operatig speed of 58.9rp¥ . at (b),which is the turbocharger compressor stage
operation at high flow rate, the inflow alemters the inducer at a static pressure of latm.

When fluid reaches the exit of the inducer and enters the impeller, ther@lisirastatic

pressureE \ $IWHU WKH DPELHQW DLU KDV SDVVHG WKURXJ
properties, static pressure increases E\ $IWHU IXUWKHU DOWHULQJ
through the diffusepassage, static pressunereasedy an add WLR QDO SULRU WR
WKH YROXWH :KHQ WKH IOXLG UHDFKHV WKH RXWOHW WK
rather than a further increase. This anomaly at the specifietksiin conditiorwhere the

mass flow is greate¢han the BERs as expected.

Inspectingthe operating speed of 58.9rps/ at (c), which is the turbocharger compressor

stage operation at low flow rate, incoming flow of the air also exhibits latm of static
pressure. This static pressure increages ZKHQ Wic&thdéOtKd i@let of the

impeller. By the time, the fluid leaves the impelleW WDWLF SUHVVXUH KDV LQFUF
the diffuser inlet. From here, post compressibility and diffusiaite fluid, a further increase

R LQ VWDWLF SUHVVXUH KDV L QlaXheen ditaettesl kinetic energy
pressureenergy, thecompressedl OXLG OHDYHV WKH VWDJH ZLWK D

pressure.

It can be seen from the results that by the end of each station, there are variations between the
design and offlesign conditions Reviewing static pressure variations under the choke
FRQGLWLRQ DJDLQVW WKH %(3 WKHUH LV LQFUHDVH DV
WKH HQG RI WKH LPSHOOHU GHFUHDVH DW WKH HQG R
end of the volute. Reviewing static pressure variations under the surge condition against the
%(3 WKHUH LV LQFUHDVH DW WKH HQG RI WKH LQGXI
LPSHOOHU LQFUHDVH DW WKH HQG RI WKH GLIIXVHU D¢

The results also show the variations through each station between the designdasiyoff
conditions.Reviewing static pressure variations under the choke condition against the BEP,
WKHUH LV LQFUHDVH WKURXJK WKH LQGXFHU GH
LQFUHDVH WKURXJK WKH GLIIXVHU DQG LQFUHDVH \
SUHVVXUH YDULDWLRQV XQGHU WKH VXUJH FRQGLWLRQ D
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WKURXJK WKH LQGXFHU LQFUHDVH WKURXJK WKH LPSHC
DQG LQFUHDVH WKURXJK WKH YROXWH

Figure4.3in the bottom row, depictstatic pressure variation in the turbocharger compressor

stage during the operating speed of 98.2¢pst (a) BEP (b) choke (c) surge. Observing (a),

which is the turbocharger compressor stage operation at design flowmédient air flows

into the compressor stage through the inducer at a static pressure dfrbatniere, there is
GHFUHDVH LQ VWDWLF SUHVVXUlét. WKed Qir pakictesIadsL G HQV

through the impeller passages and exits into the diffuser, static pressure rikE8.&y

After compressibility and diffusion have taken place in the diffuser, static pressure continues

WR LQFUHDVH E\ sDEER Ebllé¢iedHinltkeR@uté Bnd kinetic energy in the

flow has been converted into potential energy, the final static pressure increases at the outlet

E\

Viewing the operating speed of 98.2rjs/at (b),which is the turbocharger compressor stage
operation at high flow rate, the ambient inflow also enters the inducer at a static pressure of
latm. When fluid enters the impeller, there is a fall in static pressuge5by $IWHU WKH
ambient air has passed through the impeller, imparting energy into the fluid, static pressure
increases by 21.5 $IWHU DOWHULQJ WKH IOXLG SURSHUWLHYV H)Y
WKH GLIIXVHU SDVVDJH VWDWLF SUHVVXUH LQFUHDVHV E
volute. When the fluid reaches the outlet, the results shawvabi LQ VWDWLF SUHVV XU

Inspectingthe operating speed of 98.2r@s/ at (c), which is the turbocharger compressor

stage operation at low flow rate, ambient air inflow is exhibited at latm of static pressure.
7KLY VWDWLF SUHVVXUH IDOOV E\the imp&lgrHn@t.\B\Kthk tideX LG D S
WKH IOXLG LV HQHUJLVHG DQG OHDYHV WKH LPSHOOHU VW
after he fluid has been through the compressibility and diffusion process in the diffuser, a
IXUWKHU VWDWLF SUHVVXUH LQFUHDVH RI KDV LQF
FRPSUHVVHG IOXLG OHDYHY WKH YROXWH ZLWK D JUHD\

It can be seen from the results that by the end of each station, there are variations between the
design and offlesign conditions. Reviewing static pressure variations under the choke
condition against the BEP, there is GHFUHDVH DW WKH HQG RHRUKHD VGG

DW WKH HQG RI WKH LPSHOOHU GHFUHDVH DW WKH H(

the end of the volutdReviewing static pressure variations under the surge condition against

the BEP, there is a fall R DW WKIlhdut&G RLQWUHHDVH DW WKH HQ
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LPSHOOHU LQFUHDVH DW WKH HQG RI WKH GLIIXVHU D
The results also show the variations through each station between the designdasiyoff
conditions.Reviewing statiqoressure variations under the choke condition against the BEP,

there is LQFUHDVH WKURXJK WKH LQGXFHU GHFUHDYV
increase through the diffuser; and 501.8ecrease through the volute. Reviewing static

pressure variains under the surge condition against the BEP, there is a fall of WKURXJ}
the inducer; LQFUHDVH WKURXJK WKH LPSHOOHU IBesOO RI

of 3 WKURXJK WKH YROXWH

Table4.1details the speed comparison of static pressure variation at 9&2qushpared to

that at 58.9rps¥ .. It can be seen at low flow rate, highest static pressure variation at the inlet
and the outlet occurs in the volute, where the turbocharger compressor stage operating at
98.2rpsk . increases substantially compared to that at 58.9rpsfhelowest static pressure
variation at the inlet and outlet occurs in the inducer, where the operating condition
98.2rpsk¥ . increases slightly compared to thab8t9rpsk .. At the design flow rate, highest

static pressure variation at the inlet and the outlet occurs in the volute, where the turbocharger
compressor stage operating at 98.2¥ps/increases substantially compared to that at
58.9rpsk .. Thelowest static pressure variation at the inlet and outlet occurs in the impeller
and inducer, respectively, where the operating condition 982rpdecreases slightly
compared to that at 58.9rpé/. At the high flow rate, higls static pressure variation at the

inlet and the outlet occurs in the volute, where the turbocharger compressor stage operating at
98.2rps¥. LQFUHDVHYV E\ MXVW RYHU 589ps/®R P Bhe lbiast ssake WK D W
pressure variation at the inlet and outlet occurs in the inducer and impeller, respectively,

where the operating condition 98.2rfs/decreases compared to that at 58.9¢ps/
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Table4.1 Global Speed Comparison of Static Pressure Variation

Figure 4.3 Static Pressure Variation in the Turbocharger Compressor Stage during the operating speed of
U S Vanél98.2rpsf¥ . at (a) BEP (b) choke (c) surge
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Figure4.4 depictsstatic pressure variations through each station in the compresg®rdsiiang

the operating speed of (a) U Savid ¥b) 98.2rps¥ ., both under design and offesign
conditions Overall, it is clear that static pressure variation through each component is much
higher at 98.2rps¥ . than at 58.9rpsf ..

Figure 4.4 (a) represents the variation of static pressure through each station in the compressor
stage during the operating speed of 58.%¥psinder design and effesign conditionsit can be

seen dung the surge condition, negligible static pressure variation occurs through the inducer,
whereas for BEP and choke conditions, static pressure decreases through the component.
Through the impeller, all three conditions show static pressure varyingicagily in the form

of an increase. The highest variation in static pressure is exhibited during the surge condition,
while the lowest variation in static pressure is exhibited during the choke condition. It is
identified that as the mass flow rate incessgsvariation in static pressure decreases through the
impeller. Static pressure varies considerably in the diffuser, also showing an increase. Highest
static pressure variation is exhibited during the choke condition, while the lowest static pressure
variation is exhibited during the surge condition. It is identified that as the mass flow rate
increases, variation in static pressure also increases through the diffuser. In the volute during
surge and BEP, variations in static pressure are almost the bami&g an increase, whereas

during the choke condition, static pressure varies in the form of a decrease.

Figure4.4 (b) represents the variation of static presstireugh each station in the compressor
stage during the operating speed of 98.2¢psinder design and effesign conditionslt can be

seen that for all three conditions, static pressure falls through the incorgiderablyand
exhibits a significant ineasethrough the impeller, diffuser and volute. It is notidadt the
highest static pressuvariationthrough the inducer occurs during the choke condition, while the
lowest static pressure variatiogcurs during surge conditioli.seems in this casas the mass

flow rate increases, static pressure variation also increases through the indheeiorm of a
decrease. t8tic pressure rises significantly through the impeller showing substantial variance
during the surge condition and at BEP as coegbdo that during the choke condition. Static
pressurevariesthrough the diffuser quiteonsiderab} during the choke condition compared to
that during the surge condition and to that previously depicted in the impeller. Through the
volute, static pressunaarianceduring the surge condition and at BEP are very similar, however

during the choke condition, the variance of static pressure is much lower.
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Figure 4.4 Static pessure difference througFachstationin the tirbocharger compressor stagering
(a) 58.9rpsk . (b) 98.2ps/ ¥ .

4.4 Local Static Pressurearound the Centrifugal Compressor Volute at Low
Operating Speedduring Steady Conditions

Figure4.5 depictsstatic pressure distribution through the turbocharger compressor volute during

the operating speed of 58.9rps/at (a) BEP (b) chke (c) surge. Twelve crosections through

the volute channel have been presented from the first-sea$i®n of the scroll situated above

the tongue, through to the outlet of the compressor stage.

Observing (a)which is the volute operation at design flow rat&8.9rps/k ., static pressure at

the periphery appears to be reasonably unifemmlar to that observed by Rezaei (2001) and
increasing downstream of the volJtE7]. Further to this, static pressure appears to be lower
around the inlet, whereas towards the outer curve, static pressure incfé@sé®nd is similar

to that of Reunanen (20019][ Static pressure disturbances are expected in the tongue area with
adverse pressure gradientdich can affect the start of the scroll and the exit clonéne tongue
region, flow becomesdistortedupon entrance into the wak due toflow from upstream othe
scroll mergng with the inflow and either recirculating the fluisack around the volute or
direcing the fluid into the discharge ductin this case however, static pressure appears to have
minimal distinctive variationsAfter the fluid has passed through the exit cone and directed into
the discharge duct, static pressure distribution is high and uniferom the profiles, it is

noticed that static pressure is predominafdliows the curvature of the scrofFurther to this,
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low static pressure distribution is exhibited in the central regi@hincreases towards the outer

walls.

$W f VWDWLF SUHVYVXUwhich compydoed EoXii¥ biRIE | I Viess Dal Ehe
static pressure exhibited dtetoutletlt can be seen static pressure distribution increases towards
the outer curve on the rear sideWA f VWDWLFISBRVWKDW IGKKEXVF-FWHG DW
DQG KHQFH WKH VWDWLF SUHVVXUH GLV WrxheecEndl rRgor, V Ol
leaning towards the overhang depicts lower pressure than the previous profile. However, static
pressure appears to increase and has a greater distribution toward the outer curve on the rear side.
$W f preégsuiy falls furtherby 1.2 UHVEKQWLQOHVYV VWDWLF SUHVVXL
that at the outletlt can be seen the static pressure distribution behaves in the same manner as
previous, however, the low static pressure inflow is more localised to the central region of the
crosssection and the area distribution for the variations are smaller. For this reason, there is a
much smaller region of higher static pressures on the outer curve towards the rear side and is less
WKDQ WKDW GHSLFWHG DW f $BA f DVQGED M KR BIUMHW V XU B H
pressure than that depicted at the oulietan be seen thabw static pressure directed toward
the centre of the crossection, which propagates towards the front face and is superimposed by
the flow upstream of the scrolhlthough static pressure increases towards the outer curve, the
highest static pressure areahibited for the crossectionreducesfrom the aforementioned
profile. $ W f VWDWLF SUHVVXUH LQFUHDVHV Hive compazed LFK L\
to that at the outlet. This distribution depgiet region of higher static pressure along the outer
curve and more centralised than that aforementioned in the previous profiles. The lowest static
pressure region is smaller and more localised to the centre of theseotissm and within the
overhang.At f VWDWLF SUHVVXUH LQFUHDVHV E\ DQG KHC
compared to that at the outl@the lowest static pressure is exhibited on the flow superimposed
upstream of the scroll. The highest static pressure region along the outdrasva greater
distribution than that depicted previousi$.W f VWDWLF SUHVVXUH LQFUHDYV
OHVV VWDWLF SUHVVXUH FRPSDUHG WR WKDW DW WKH R
in the same manner as that aforemer@dprofile. Thoughlowest static pressure area appears to
have reduced and highest static pressure area appears to have increased in its more profound
distribution along the outer wall and towards the central region. $W f VWDWLF
decreases by DQG H[KLELWYV OHVV VWDWLF SUHN&KKeH FRPS
seen that static pressure behaves in the same manner as that previously described.-aff the cut
ORFDWLRQ VWDWLF SUHVVXUH 1D O O \suk\compared kolitraKatLthe @)
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outlet. The lowest static pressure region is reduced and more localised to the centre of-the cross
section, while having higher static pressure from the inflow and upstream flow. Static pressure
along the outer curve appearshi@ve reduced from the previous profile. At the exit cone, static
SUHVVXUH ULVHV E\ Dstac piddsure& thav Yhat depiCiad \dtthe outlet. The
lowest static pressure region remains localised to the freestmeaanand has propagated
circumferentially It can also be seen thatasc pressure from upstream has also risen
significantly across the profile$W WKH GLVFKDUJH GXFW VWDWLF SUHVV
changein its variation compared to the outlet. Lowest static presssi higher than that
previously depicted and is localised from the central rear face of the profile, which appears to
increase circumferentially towards the front face of the profile. At the outlet, there are no static
pressurevariations from the discihge duct thoughit can be seen the lowest static pressure is
same as that previoustiepicted. However, this static pressure is localised in the freestfeam

the crosssection and higher almoshiform static pressure manifests concentri¢hig localied

low static pressure region.

Viewing (b), which is the volute operation at high flow rate58.9rpsk ., depicts fairly
consistenstatic pressure in the periphery of the volute irtas immediately noticed that static
pressure throughout the volute operating at high flow rate depicts comparatively low static
pressure throughout the volute than that depicted at Bfafc pressure follogithe curvature of

the scroll, having highestatic pressure at the volute inlet and at the outer wall with lower static
pressure through the freestreeegion.Uniform static pressure is seen throughout the volute and

is more profound downstream the discharge .ductvest static pressures of the files are

localised in the freestreaof the crosssection. Furthermorefatic pressure gradients across the

profiles through the volute appeao be reasonably uniform and concentric. $W f VWD)
pressure distribution is 1.4atm, which compared to the outlet is &8re than the static

pressure exhibited at the outl&ince this is the first crossection situated above the tongue

there are adverse pressure gradidefacted here. The low static pressure zone is depicted at the
interface in the cumture of the overhang. This is due to the tongue regitwere flow is
superimposed and is forced to be directed either back around the scroll or towards the outlet.
Significantly hgh pressure areas are depicdRZDUGV WKH RYHUKDQJ DQG WKI
static pressure risessURP WKDW GHSLFWHG D Wtatic fpré&ssure7distD@t®n kasQ F H
LQFUHDVHG VLJQLILFDQWO\ E\ Low ERtR DssHrS aWerrs\ibKdd R X W
localised to theclose to the centre with slightly higher inflow static pressure. This distribution
KDV PLQLPDO YDULDQFH $W f VWDWLF SUHVVXUH IDOO
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pressure incurring than that at the outlet. It can be seen the static pdissilvation emits
similar static pressure gradients as firtevious SURILOH $W f VWDWLF SUHV\

DQG H[KLELWYV PRUH VWDWLF SUHVVXUH WKDQ WKDW
static pressure has propagaled pressue localised in the freestreaamd higher static pressure
concentric to this. $W f VWDWLF SUHVVXUH GHFUHDVHV E\ Z

compared to that at the outlet. It can be seen that there is minimal variation in the distribution of
VWDWLF SUHVVXUH DV WKH DIRUHPHQWLRQHG SURILOH $W

DQG KHQFH LV OHVV VWDWLF SUHVMVXW btatice PRSI HG W
localised in the freestreahas propagated to inner side of the volute with a slight fall at the outer
ZDOOV $W f VWDWLF SUHVVXUH GHFUHDVHV E\ UHV XC

to that at the outlet. It can be seen that low static pressure manifests across the profile with
slightly higher staticSUHVVXUH DORQJ WKH FLUFXPIHUHQFH RI WKH |
VWDWLF SUHVVXUH GHFUHDVHV E\ DQG H[KLELWYV OHYV
outlet. It can be seen that static pressure behaves in the same manner as thatypdegicribed

however with lower pressure and a more focal zone in the freestAdatime cutoff location,

static pressure falls by 3.3 ZKLGEK DHVV VWDWLF SUHVVXUH FRPSDUH
Low static pressure zone is exhibited and loedlign thefreestream Slightly higher static

pressure is concentric to this focal low static pressure zone, which appears to have manifested
from the previous profile. At the exit cone, static pressure significabtlyVHYV E\ DQC
HIKLELWYV tic fpeldsuré thawtbat depicted at the outlet. The frees@esandepicts a

slight rise in static pressure and higher static pressure is reintrodAtcdte discharge duct,
VWDWLF SUHVVXUH KDV ULVHQ E\ ZLWK  outlex.Hswtic VW D W
pressure appears to be maintained with a greater distribution of higher static pressure towards the
ZDOOV $W WKH RXWOHW VWDWLF SUHVV XU H beHavird)Vh & \ D

concentric manner

Inspecting (c), whichs the volute operation at low flow ratd 58.9ps/¥ ., show high and
uniform static pressure X SV W U H D P eRReh highfer Drifaenstatic pressure downstream of

f It is immediately noticed that static pressure throughout the volute operating at low flow
rate depicts comparatively high static pressure throughout the volute than that depicteditat BEP.
is also noticed thattatic pressure appearses througbut the volute. $ W f VWDWLF SUI
GLVWULEXWLRQ LV DWP ZKLFK LV OHVV WKDQ WKH VW
seen that there is a distinctive low static pressure region in the central top of theectmss

Since this is theifst crosssection of the scroll, which is located above the tongue, the

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 79
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER FOUR: FLOW CHARACTERISTICS INSIDE A CENTRIFUGAL
COMPRESSORVOLUTE DURING STEADY CONDITIONS

disturbances caused by the tongue appears to directly influence this firssextign. Static
SUHVVXUH LQFUHDVHVY FRQFHQWULF WR WKH ORZ VWDWLF ¢
IURP WKDW GHSLFWHG DW f E\ DQG KHQFH WKH VWD
compared to the outlet. It can be seen there is static pressure increase from the inflow to the outer
wall across the crossection. The lowest static gssure is exhibited from the upstream
superimposed flow in the central region towards the front face of the volute. The highest static
SUHVVXUH LV HI[KLELWHG DORQJ WKH RXWHU FXUYH $W ]
UHVXOWLQJ L Qc press@eHiNcdrrigNtHan that at the outldighest static pressure
distribution along the outer curve becomes much more profound. Lowest static pressure exists in
this crossVHFWLRQ DV D UHVXOW RI WKH VXSHULPSRMWHEB\IORZ $
DQG H[KLELWYV OHVV VWDWLF SUHYV V¥xd the \WatdhQonwhe DW Gt
crosssection in the overhang to the freestreamows the lowest static pressure in the eross
section. Static pressure increases towards the outer curve however, there are minimal variations
RI WKLY GLVWULEXWLRQ $W f VWDWLF SUHVVXUH LQFUH
compared to that at the outlet. Static pressure continues to rise showing higher static pressure
across the topalf of the crossVHFWLRQ $W f VWDWLF SUHVVXUH LQFI
OHVV VWDWLF SUHVVXUH FRR&BOMEdBreVietomer Bimosiiopith WK H R
across this crossection showing a further rise. However, the distribution of the lower static
pressure appears to be greater than the distribution of the higher static pré3sure. f VWDWL
SUHVVXUH LQFUHDVHV E\ UHYV X O WnhfarédLldthat at thetowtt. VW D W
Almost constant static pressuis dejrted across this crosection The higher static pressure
has a greater distribution than that of the lower static pres$uné. f VWDWLF SUHVVXL
E\ DQG H[KLELWYV OHVV VWDWLF SUHVVXUH RRPSDUH
uniform static pressure is achieved through this esestion behaing at a constant. This is also
the casat the cutoff location. Additionally, there is OHVV VWDWLF SUHVVXUH F
outlet. $W WKH H[LW FRQH VWDWLF SUHVVXUH LQFUHDVHV E\
compared to that at the outlet. Lower static pressure appears to have predominantly greater
distribution than the higher static pressure that has been depictedis@ha static pressure
along the top of the cros®ction is a result of disturbance encountered at the tongue. At the
discharge duct, static pressure increases by ® Q G H [ KdvarawwbWcompared to that at
the outlet. Higher static pressure ihiited towards the front face of the volute, while lower
static pressure is exhibited towards the rear face of the volstehe outlet, the high static
pressure from the aforementioned cresstion appears to manifest across the outlet, showing

almog constant static pressure.
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Overall at low operating speed of the centrifugal compressor, it can be seen that static pressure
increases from chok#& surgein the volute as expectedThe choke condition depicts the
decrease in static pressure from thstfprofile to the cudff prior to increasing downstream to
theoutlet. At BEP, static pressure decreases from the first profile prior to increasing downstream

of the cutoff location, whilst near surge condition static pressure linearly increases.
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Figure 4.5 Static Pressure around the Compressor Votliteng the operating speed of U S Vat¥.
(a) BEP (b) choke (c) surge
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Figure4.6 depicts the variation of static pressure across each-segtisn around the centrifugal
compressor volute during the operating speed of UaSIvw d¥low rate, being near the
surge condibn; design flow rate, being the best efficiency point; and high flow betieg near

the choke conditionlt is clear that the low flow shows higher static pressure than the design
flow, while high flow shows lower static pressure than the design flow throughout the centrifugal
compressor volute. At 15, low flow depicts an increasestatic pressuref 1.9 compared to

the design flow, while high flow depicts a static pressure decrease of c@dpared to the
design flow.At 45 f, surge condition depi@sstatic pressure increase of 3.8ompared to the
BEP, while choke condition depicts a decrease in static pressure aimpared to the BERAt

90 f, low flow depicts a static pressure increase of dognpared to the design flow, while high
flow depictsa decrease in static pressure of 7@ompared to the design flowt 135 f, surge
condition depicts an increase in static pressure ofc@mpared to the BEP, while choke
condition depicts a static pressure decrease of @d@mpared to the BEFAt 180 fJow flow
depicts an increase in static pressure of 6€c@mpared to the design flow, while high flow
depicts a static pressure decrease of 11c®mpared to the design flow. At 225 f, surge
condition depicts a static pressure increase of €@8mpared to the BEP, while choke condition
depicts a decrease in static pressure of 1Z@mpared to the BERAt 270 f, low flow depicts a
static pressure increase of 7.8ompared to the design flow, while high flow depicts a decrease
in static pressure of 14.7compaed to the design flowAt 315 f, surge condition depicts an
increase in static pressure of 7.¢ompared to the BEP, while choke condition depicts a static
pressure decrease of 16.2ompared to the BEFAt 345 f which is the cubff location, low
flow depicts an increase in static pressuf&® compared to the design flow, while high flow
depicts a static pressudecrease of 20.1 compared to the design flow. At 39@vhich is the

exit cone locationsurge condition depicts a static pressure increase6of compared to the
BEP, while choke condition depicts a decrease in static pressure of ddndpared to the BEP.

At 393 fwhich is the discharge duct locatidaw flow depicts a static pressure increase of 5.9
compared to the design flow, while higlow depicts a decrease in static pressure of 15.7
compared to the design flowt 400 fwhich is the outlet location, surge condition depicts an
increase in static pressure of 5.@ompared to the BEP, while choke condition depicts a static
pressuredecease of 15.3 compared to the BEROverall this quantifies the static pressure
variation across each cressction around the centrifugal compressor volute as a function of
flow rates and how the offesign conditions vary against the design condiéiblow operating

speed
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Figure 4.6 Static Pressure across each crasxtion around the Compressor Volute during the operating speed of
USV ¥.

Figure 4.7 is graphicalrepresentation depictirthe asymmetric ratio of static pressure along the
radialdirectionof the profiles which is from V1 to V2 illustrated in Figure 3around the cross
sections of thecentrifugal conpressor volutet the operating speed of 58.9rs/ When the
asymmetric ratio is at 1, the flow variabie symmetric and signifies desirable flow
characteristicsAsymmetric ratio that is not 1 signifies the presence of secondary flows, which
means more energy is required due to losses taking place as a result of friction. Secondary flows
are a direct cause for head loss therefore, the more symmetric the ratiotheehester the
volute performs. When the asymmetric ratio is less than 1fldke variableis asymmetric
towards the outer curve. When the asymmetric ratio is more than Ilothevariable is
asymmetric towards the inner cuniecan be seen that stafpressure along thadial direction

of the profiles through the volute predominantly depicts asgtry towards the outer curviéis
identified for low flow ratenear the surge condition, static pressure dispdgymmetry in the
flow along the radiatlirectionat 15ftowards the inner curyavhile downstream of this to 315 f,
static pressure depicessymmetry towards the outer curve. From theoflutocationat 345 fo

the outlet locatiorat 400 fsymmetricstatic pressure in the flow along thedial directionis
presentedlt is identified for design flow rate at the BEP, static pressure in the flow s 15
almost symmetric howevatominance leanslightly towards the outer curyavhich remains
downstream of this to 345Aft 390 f, static pressuretle flow along theradial directiondepict
slight asymmetr towards the inner curve. A293 fand 400 f, static pressure in the flow is
symmetricalong the radiatlirection It is identified for high flow rate nedhe choke condition,
there is significanstatic pressure asymmetry in the flaong the radiatlirectionfrom 15 fo
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345 ftowards the outer curve. At 390sfgnificant asymmety of static pressure is displayed
towards the inner curvaong the radiatlirection At 393 fand f, static pressurethe flow is
symmetric.Overall at low operating speedt is observed that flow rate has an influence on the
imbalance of static pressure along the radial direabiothe crosssection profiles inside the
centrifugal compressor volutddigh flow condtions areseen to have the most significant
imbalancein static pressure in comparison with low flow and design flow conditiblzse

detailed graphical representations are depictédPRENDIX 2

Low Flow Design Flow

Figure 4.7 Asymmetric Ratio of Static Pressure along the Rddiiaction on the Profiles around the Centrifugal
Compressor Volute atp@ratingSpeed 058.9rps/¥ . during Low Flow Rate DesignFlow Rateand High Flow
Rate

Figure 4.8 is graphicalrepresentation depictirthe asymmetric ratio of static pressure along the
axial directionof the profiles which is from H1 to H2 illustrated in Figure 3avound the cross
sections of thecentrifugal compressor volut the operating speed of 58.9r6/ When the
asymmetric ratio is at 1, the flow variable is symmetaied signifies desirable flow
characteristics. Asymmetric ratio that is not 1 signifies the presence of secondary flows, which
means more energy is required due to losses taking placeswsteof friction. Secondary flows

are a direct cause for head loss therefore, the more symmetric the ratio means the better the
volute performs. When the asymmetric ratio is less than 1, the flow variable is asymmetric
towards the front face. When theyanmetric ratio is more than 1, the flow variable is
asymmetric towards the rear fattecan be seen that low flow and design floanditions share
similar symmetry and asymmetry along the aximkction of the profiles through the volute.

Both conditions have static pressure that is almost symmetric through the volute along the axial
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direction of the profilesThe behaviour of static pressure along the axial direction at high flow
rate present greater asymmetries than low flow and design flow condif@ndow flow rate
nearthe surge condition, it can be seen that static pressure in the flow is asymmetric towards the
rear face along thexial directionfrom 15f WR f '"RZQVWUHDP RI f VWDW
flow along the axials seen to be symmet. For design flow rate at BEP, it is identified that
static pressure in the flow along the axdiftectionis VI\PPHWULF DW slighityW KH Q
asymmetic towards the reeiDFH DWW f f VWDWLF SUHabWXteHaxiaQ W KH
directionis symmetic. $ W sfatic pressure depgslight asymmety towards the rear face.
At fand f, static pressure in the flow along the axial direaidnbits asymmetries
WRZDUGYV WKH IURQW IDFH )URP f WR f axilWiiedaohF SUHV
once again displays slight asymmetowards the rear facegrior to displaying asymmetry
WRZDUGYVY WKH IURQW IDFH DW f DQG AchigwwsymrfietyV WD W L |
along the axial directianFor high flow rate neathe choke condition, there are significant
asymmetries of static pressure displayed in the flow along the dixéation towards the rear
IDFH ITURP f WR f $W f VWDWLF SUHVVXUH LQ WKH I
asymmetrieof static pressre along theaxial directiontowards the rear face of the profile at

f 6WDWLF SUHVVXUH akigdiwdidhid alRast &y@rRe@idt W Kahd f
however, dominance leans towards the front .fake f VWDWLF SUHVVXUH DO
direction achieves symmetry prior to displaying asymmetrgtatic pressure towards the rear
IDFH DW f $W f DQG exhibityasymivelyFtovgatsl Yhy XrhhH face
followed by symmetc static pressre D W f D GaRkadiredtighidf the profile.Overall at
low operating speed, it is observed that flow rate has an influence on the imbalance of static
pressure along the axidirectionof the crosssection profiles inside the centrifugal compuogss
volute.High flow rate depicts the most imbalanoestatic pressure in comparison with low flow
and design flow conditions. More detailed graphical representations are depicted in APPENDIX
2.
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Low Flow Design Flow

Figure 4.8 Asymmetric Ratio of Static Pressure along the ARiedction onthe Profiles around the Centrifugal
Compressor Volute atf@ratingSpeed of USV ¥. Gurinddw\R&te, Design IBw Rate and High Flow
Rate

4.5 Local Static Pressurearound the Centrifugal Compressor Volute at High
Operating Speedduring Steady Conditions

Figure4.9 depictsstatic pressurdistributionthrough the turbocharger compressor volute during

the operating speed of 98.2rjs/at (a) BEP (b) choke (c) sueg Twelve crossections through

the volute channel have been presented from the first-seasi®n of the scroll situated above

the tongue, through to the outlet of the compressor stage.

Observing (a), which is the volute operation at design flowae®8.2rpsf¥ ., static presse is
behaviour is similar aaforementioned at BEP and to that also describegdmnanen (20012]
and Rezaei (2001)1f]. Satic pressure at the periphery appears to be reasonably uniform and
increasing downstream of the volute. Further to thajcspressure appears to be lower around
the inlet, whereas towards the outer curve, static pressure incre@asiespi@ssure disturbances
depictedat the tonguelue to flow from upstream of the scroll merging with the inflow and either
recirculating theluid back around the volute or directing the fluid into the discharge duct. After
the fluid has passed through the exit cone and directed into the discharge duct, static pressure
distribution is high and unifornffrom the profiles, it is noticed that stapressure upstream of

f klghtly lower than that during the operating speed of 58.%psWhile static pressure
G RZQV WU H =Rlightly higlier than that during the operating speed of 58.8rp&further
to this, low static pressure distuifion is exhibited irvicinity of the central region and increases
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towards the outer wallssW  f VWDWLF SUH 2.Yaxt) whiche 6. W UQ I X W MRKD QVW
static pressure exhibited at the outlet. Static pressure disturbances can be seen here as a result of
the distortions generated the tongue. Inflow static pressure appears to be lower, as well as that

at the outer curve. Further to this, higher static pressure is exhibited at the rear face of the volute.
$W f VWDWLF SUtHaY depictet aDISh U.91 URPG K H Q fatit prégshre V
distribution is 7 OHVV FRPSDUHGINMWR swti€ dreBsMreV @ppedrs to behave at a
comparatively lower static pressure in the central region than the increased static pressure at the
outer curve. $ W f VWDW LI§ fustheH by X UBIHNDXD /8. QQHMY VWDWLF SU
incurring than that at the outldt. can be seen the static pressure show the same asetite
aforementioned profillbowever, losses are depicted across tioéilp. $W f VWDWLF SUI
increasesby22 DQG HG&ELPHWYV VWDWLF SUHVVXUH WKE&Qb&W KDW C
seen thatdw static pressure is localisedtive centre of the crossection, which is superimposed

by the flow upstream of the scrolt.is also noticed thadtatic pressure hagcoveredrom the
aforementioned profile$ W f VWDWLF SUHY& X WK LKERU MCHAMHN VBN D W |
pressure compared to that at the outlet. This distribution appa@sdfurtherin static pressure

over the crossection. Static pressure increases from the inner curve to the outer curve and these
variations appear to be more profound, depictighdststatic pressure along the outer curve and
comparativelylow static pressure localised within the overhaogards the front facef the
crosssection $W f VWDWLF SUHVVXUH LQFMUHDDVHW BAWBWDR & WK
compared to that at the outlet. Tloevest static pressure in the creextionis exhibited on the

flow superimposed upstream of the scrall the inner curveThe highest static pressulie
exhibitedalong the outer wallwhich seems to have slightly risemther. $ W [ Curessus L
increases by 0.6 UHV XO W9 QO H\@¢ pvedsire compared to that at the outBtatic
pressureslightly rises across the profile, depicting lowstatic pressure at the inner curve, while
depictinghigher static pressure along the outer cu%&V  stfatic pressure increases by 0.2

and exhibits 3.7 OHVV VWDWLF SUHVVXUH FRPahDbé&de€h thaRstAWK DW L
pressure behaves in the same manner as that previously desatitiesl cutoff location, static

pressure fallsby 0.9 ZKLFKS5LWHVYV VW D vdinpar&dudthavaX thedoutlet. From the
previous profile, it appears the flow has incurregiessure losses. The lowest static pressure
region is more localised to the centre of the csEsgionrather than at the inner curve as
previously depicted. igher static pressure incurerecentric to this with theighest crossection

static pressure located partially on the outer curve at the rear face. At the exit cone, static
pressurerises by 3.7 DQG H[KQBVWWWDWLF SUHVYV XthetouteKBrggn W K D W
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the previous profile, it appears static pressure has been recolered crosssectionstatic
pressuremanifests across the profile with higher pressure incurring aboveAthise discharge

duct, static pressure has risen by 0.Z LW.K OHVV VWDWLF SUHVVXUH FRPS
outlet. A small area ofdw static pressunes localised at the centre of the profile towards the rear
face.This is surrounded by higher static pressure, which appears to propagateferentially

from the rear face towards the front face of the profile. At the outlet, static pressure Osks by

from the discharge ducStatic pressure appears to dmostuniform however;it rises slightly

concentric to the profound lower static pressure area depicted in the centre of Hsectioss

Viewing (b), which is the volute operation at high flow rat€8.2rps/ ., depicts reasonably
consistenstatic pressure in the periplgeaf the volute inlet. The static pressure trend appears to

be same as that previously discussed for the operating speed 58.9tpstever with much

lower static pressure. It is immediately noticed that static pressure throughout the volute
operating at high flow rate depicts comparatively low static pressure throughout the volute than
that depicted at BEP t&ic pressur@appears to predominantly follow the curvature of the scroll,

having higher static pressure at the volute inlet and at the outer itlallower static pressure

through the freestreanegionof the crosssection. Furthermore, stafpressure gradients across

the prdfiles through the volute appetr be consisterandincreasdan a concentrignannerto the

low static pressure regioAt f atidressure distribution is 2.1atm, which compared to the
outletis1.8 PRUH WKDQ WKH VWDWLF S UbwWstakdpressUf&it &epidtddG D W
at the interface in the curvature of the overhang in the centre of the cressction towardshe

front face of the voluteStatic pressure is highdobag the outer wall$wW f VWDWLF SUHV\
from that depicted at t5by 26 DQG KHQFH VWDWLF SUHVVXUH GLV
significantly by4.4 FRPSDUHG W Btalt/ ptéssire<b¥avesNin the same manner as that
described for the previous profile. The low pressure region in the centre has however, reduced in
its distribution across the profile and moved a little lower in the overhang. $W f VWDWLF
falsby28 UHVXOMWLQULVE LQ VWDWLF SUHVVXUH LWLi@haticedLQJ Wk
the low pressure region in the centre has increased in its distribution across the profile and
moved more central to the profile. Further to this, the higlagicgiressure surrounding this low

static pressure area appears to follows the curvature of the prfilé. f VWDWLF SUF
decreases by 1.8 D Q G H [ K L Hds¥8tstiO@ressure than that depicted at the outlean be

seen that static pressure in the centre has decreased further signifying pressure losses in the
freestreamHigher static pressurgurrounding the low pressure area has also decreased towards

the inner curve and the rear face of the profi&V f VWDWLF SUHVVXUH GHFUH
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is L6 lessstatic pressure compared to that at the outl®iz static pressure is depicted at the
centre with the behaviour from the previous cresstion propagating across the profile. At

f VWDUWHMYV XUH GHFUHDVHV E\ D [IX8WIKOHYVYV VWIMEL K HQ
compared to that at the outldtow static pressure localised in threestreamhas propagated
even further across the profile towattle inner curvelt can be seen upstreawhthis location,
there have been minimal static pressure vanattW sfatic pressure decreases by 1.6
resultingin 4.3 OHVV VWDWLF SUHVVXUH FRtc8ud ldiiseveRat Wbk DW D W
static pressureontinues to manifestcross therofile and higher static pressure along the outer
curve has decreased, which suggests pressure losses have indlwed. f VWDWLF SUL
decreasesbhy2 DQG H[KLELWYV OHVV VWDWLF SUHWé¢RUEH FRPS
experiencesurther pressure losses singfatic pressuréas decreasednd low static pressure
region in the freestreaimas also reduced its distribution. At the-offtlocation, stat pressure
falls significantlyby 5.5 ZKLFKL.LVOHVV VWDWLF SUHVVXUH FRPSDUH
Lowest static pressure zone is exhibited in this cresstion and has propagated across the
profile. It appears significant pressure losses have incurred at this location. This fall is the result
of the disturbances occurring at the tondue to inflow and the directiaof flow downstream of
this location at the tonguét the exit cone, static pressure significantly rises by 87 DQG
exhibits4.1 OHVV VWDWLF SUHVVXUH WKDQ the KrowdusB/Hi&tcribédH G D V
profile, gatic pressure has been recovered significailyice this profile is located after the
tongue, flow in this location is being directed to the outlet, which means there are currently no
disturbances her® maintan lowest pressurencurred at the cubff location. At the discharge
duct, static pressure hasrisenby 3.9 BBW®HVV VWDWLF SUHVVXUBWFRPSDL
static pressure appears to have moved from the centre of the profile, slightlyeartfece with
static pressure rising towards the front face of the vohAttéhe outkt, staticpressure rises by
0.3 DQG GHSL Ednc¥Entkd sidti¢ipdessure.

Inspecting (c), which is the volute operation at low flow &tt88.2ps/¥ ., presentsecondary

flows as a result otatic pressure nodkQLIRUPLWLHV XS VMWninkaDvBrideidns inf DQG
VWDWLF SUHVVXUH GRZQVWUHDP RI f WLV LPPHGLDWHC
volute operating at low flow rate depicts compasir high static pressure throughout the volute

than that depicted at BEP. It can be se&"WW UHD P f VWDWLF SUHVVXUH DS
that depicted at 58.9rp¥/., while downstream f VWDWLF SUHVVXUMIBPSSHDUYV
static pressgre distribution is 2.6atm, whichis 144 OHVV WKDQ WKH VWDWLF SUF
outlet Comparatively low static pressure is depicted at the outer curve with slightly higher
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variations distributed across the profile. $W  f VW D WdsEs BdhHhaMiEdictéd lalb U H

by 4.7 with 10 OHVV FRPSDUH Gtailit Braasirel isRoKsah e i be low in the
overhang and rises towards the outer cur§aV [ Yrés8uw lifereases further by

resulting in 8.6 OHVV VW D WtuUfrirg thidrivViaX at kheloutletatic pressure variations

are distributed in the same manner aforementio$ed/ f VWDWLF SUH32/XUH LQ
with 57 OHVV VWDWLF SUHVVXUH WKB@n iNeKdttm®HS trése HG D W
section in the overhang to the freestreéowest static pressure in the cr@gstionis exhibited

Static pressure increases towards the outer curve hovibees; are minimal variations of this
distribution. $ W f VWDWLF SUnYYXUHKLRBEILNONWHWY VWDWLFEF SU
compared to that at the outlet. Static pressure continues tshasenglower static pressure at

the inner curve, which rises towards the outer curve of the-seas®on. $ W f VWDWLF SU}
increasesp1l.1 DQG KHQFHOHVV VWDWLF SUHVVXUH FREBRREEDUHG W
pressurebehaves in the same manner as aforementiofiéll.  sfatic pressure increases by

05 UHVXORW2LQOHMY VWDWLF SUHVVXUH FRBPXPD het€ sistike WK DV
SUHVVXUH EHKDYHV LQ WKH VDPH HWDdHehighEeR prddsuie GW LR Q |
much less promineni this crosssection $ W f VWDWLF SUHVVXUH LQFUHDYV
1.8 OHVV VWDWLF SUHVYV XU HouldR R &DobsdrGdWdwvelstatizVigreBsWe W K H
regionis depicted in the overhang towards the front face of the volute and at the ®iioiar

to that previously described, higher static pressures exhibited in thissexigm are less
pronounced as previously encounter@tl.the cutoff location, there are no variations in static
pressure from the previous profile howevitiere is 1.8 O HV V resauz\Wwdnipar®gd to the

outlet. This crossection appears to have almost uniform static pressure hoviyleer static

pressure is exhibited at the walls. At the exit cone, static pressure increases bapd &xhibits

0.3 OHVV VWD \Wmpar8dutdl thiat Atlhe outlet. Superimposed flow emerging from the
bottom of the crossection towards the rear face of the voldépicts lower static pressure than

that propagateth the crosssection.At the discharge duct, staticgssure increases by 0.3vith

0.1 OHVV VWD \ubmpar8diéltiat AtUhe outlet. Higtatic pressure from the previous
crosssection has manifested across this profile achieving uniformitythe outlet, static
SUHVVXUH L Q F @rd dapidty the same constant and uniform high static pressure as that

in the previous profile.
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Overall at high operating speed dtfet centrifugal compressor, static pressure increases from
choketo surge as expectedh the volute. The choke condition depicts the decrease in static
pressure from the first profile to eaff prior to increasing downstream to the outlet. At BEP,
VWDWLF SUHVVXUH GHFUHDVHYV IURP WKH ILUVW B8UW&ILOH W

The surge condition depicts a linear increase in static pressure.
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Figure 4.9 Static Pressure around the Compressor Volute during the operating spe@@p$/ ¥ . at
(a) BEP (b) choke (c) surge
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Figure 4.10 depicts the variation of static pressure across each-segcisn around the
centrifugal compressor volute during the operating speed of 88¥r@at low flow rate, being

near the surge condition; design flow rate, being the best efficiency point; and high flow rate,
being near the choke condition. This section is carried out in order to understand how the low
and how the high flow rates nearteme phenomena differ in static pressure from the design

flow rate. With the exception of 15 fjd clear that the low flow shows higher static pressure

than the design flow, while high flow shows lower static pressure than the design flow
throughout thecentrifugal compressor volute. At 15 f, low flowidis a decrease in static
pressure of 26 FRPSDUHG WR WKH GHVLJQ IORZ ZKLOH KLJK IOR
of288 FRPSDUHG WR WKH GHVLJQ IORZ $W f, surge condition depicts
RI FRPSDUHG WR WKH % (3 ZKLOH FKRNH FRQGL24BRQ GHSI
compared to the BERAt 90 f, low flow depicts a static pressure increase of 6.8 FRPSDUHG
the design flow, while high flow depicts a decrease in static pressure of 25.7 FRPSDUHG V
design flow.At 135 f, surge condition depicts an increase in static pressure oFRP SDUHG WR
the BEP, while choke condition depicts a static pressure decrease of 30rfpardeéiRo the

BEP. At 180 f, low flow depicts an increase in static pressure of 85 FRPSDUHG WR W
flow, while high flow depicts a static pressure decrease of 34.5 FRPSDUHG WR WKH
At 225 f, surge condition depicts a static pressurease of 8.8 FRPSDUHG WR WKH %(3
choke condition depicts a decrease in static pressure of 37.3 FRPSDUH& 2W0R, WKH ¢
low flow depicts a static pressure increase of SFRPSDUHG WR WKH GHVLJQ IORZ
depicts a decrease in static pressure of AOBRPSDUHG WR WHKMH3GIANSUGE) |I0RZ
condition depicts an increase in static pressure of 9 FRPSDUHG WR WKH %(3
condition depicts a static pressure decrease of 44 FRPSDUHG WR WKH % (3 $W
cutoff location, low flow depicts an increase in static pressure of 99 FRPSDUHG WR W|
flow, while high flow depicts a static pressure decrease of 51.1 FRPSDUHG WR WKH
At 390 f, which is the exit cone location, surge condition degpistdic pressure increase of

7 FRPSDUHG WR WKH %(3 ZKLOH FKRNH FRQGLWA4LRQ GHSLI
compared to the BEFRAt 393 f, which is the discharge duct location, low flow depicts a static
pressure increase of 6.9F R P S D U H @edigm flaw,Kntile high flow depicts a decrease in

static pressure 0f39.9 FRPSDUHG WR X &K0A fOnwhieh.is Qe bOtlRtZocation, surge
condition depicts an increase in static pressure of 6 FRPSDUHG WR WKH %(3
condition depict a static pressure decrease of 39.7 FRPSDUHG QVdRallWhsH % (3

guantifies the static pressure variation across each -segtisn around the centrifugal
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compressor volute as a function of flow rates and how thdesfign conditions vary against the

design condition at high operating speed
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Figure 4.10 Static Pressure across each cragstion around the Compressor Volute during the operating speed of
98.2rpsf¥ .

Figure4.11lis a graphicaftepresentation depictingpe asymmetric ratio of static pressure along
the radial direction of the profiles which is from V1 to V2 illustrated in Figure 3afound the
crosssectons of the centrifugal compressor voltethe operating speed of 98.2r§s/ It is
observed that static pressure along the ratlraiction of the profiles at low flow and design
flow, show almost parallel asymmetriest low flow being nearthe surge condition,
considerable asymmetry is seen towards the inner curve fatvibereas downstream to 345 f
depics asymmetryof static pressure towards the outer curve alongddel direction of the
profiles. At 390 f, there is static pressure asymneivards the inner curve prior to being
symmetric downstream to the outlét design flow being the BEP, static pressurehe flow

from 15 fto 345 flepict significant asymmetry towards the outer curve along the dithation

of the profiles. At 39(f, statiqpressure is depicted towards the inner curve prior to being
symmetric downstream to the outlet. At high flow being n#s choke condition, there are
substantial asymmaedss of static pressure towards the outer curve along the dagiaetionfrom
15fd345f.At390f DQG f, static pressure displays agywarstribe inner curve prior

to being symmetric d&he outlet.Overall at high operating speed, it is observed that flow rate has
a significant influence on the imbalance of static pressorgahe radial directioonf the cross
section profiles inside the centrifugal compressor voluts. noticed that high flow conditions
have significant imbalance in static pressure in comparison with low flow and design flow
conditions. More detailed graphical representations are depicted in APPENDIX 2
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Low Flow Design Flow

Figure 4.11 Asymmetric Ratio of Static Pressure alongRaelial Direction onthe Profiles around the Centrifugal
Compressor Volute atf@ratingSpeed of USV ¥. Guring Low Flow Rate, besigate and High Flow
Rate

Figure4.12is a graphicaftepresentation depictingpe asymmetric ratio of static pressure along

the axial directionof the profiles which is from H1 to H2 illustrated in Figure 3around the
crosssections of the centrifugal compressor volatehe operating speed of 98.2r§s/ It is

observed that the low flosondition predominantly depicts symmetry in static pressure along the

axial direction through the volute, while the high flow condition predominantly depicts
asymmetry in static pressure along #xéal directionthrough the voluteAt low flow being near

the surge condition, static pressure in the flow depicts asymmetry towards the rear fage at 15
DQG Atf90f V\PPHWGAW préssaVvdlong the axial direction is achieved prior to
SUHVHQWLQJ VOLJKW DV\PPHWULHY WRZDUGV WKH IURQW ILC
345 fstatic pressure in the flow is symmetric. Slight asymmistrgxhibited towards the front

faceat 390 And393 fStatic pressure in the float 400 f dn¥e again symmetraong the axial

direction At design flow being the BEP, static pressure in the flow depicts asymmetry towards

the rear face from 15 f WR f 6WDWLF SUHYVVX# akial dredtok tispl&yK Z DOR
VI\PPHWU\ DW f SULRU WR GLVSOD\LQJ DV\PPHWU\ LQ WK
JROORZLQJ RQ IURP KHUH DW BxiavdiedtidhloRceSadatpiMibitd H DO R
asymmetrytowards the rear face. Downstmeafrom f,static pressure in the flow is
asymmetric towards the front fag&t high flow being neathe choke condition, the flow depicts
significant asymmeyr of static pressure along the axetectionon the profiles at 15gnd 45 f

JURP f WR f VWDWLF SUHVVXUH LQ WKH IORZ GLVSOD\V
UHDU IDFH WR WKDW DIRUHPHQWLRQHG $W f VWDWLF Sl
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front face. From fWR f, static pressure in the flow dseyicisetry towards the rear

face, prior to displaying asymmetry towards the front face downstream df.In addition to

this, comparativey JUHDWHU DV\PPHWULHYV RI VWDWLF SUHVVXUH DU
axial direction. Overalat high operating speeflow rate is seen to have a significant influence

on the imbalance of static pressure along the axial direofitine crosssection profiles inside

the centrifugal compressor voluteigH flow conditions depict prominent imbalance tatie
pressurealong the axial directiorthroughthe tongue sectiondue its blended geometry and

narrow passage. More detailed graphical representations are depicted in APPENDIX 2

Low Flow Design Flow

Figure 4.12 Asymmetric Ratio of Static Pressure alongAl@l Direction on the Profiles around the Centrifugal
Compressor Volute atggratingSpeed of U S Vdu¥ing Low Flow Rate, Design Flow Rate and High Flow
Rate

4.6 Local Speed Comparison of Static Pressure around the Centrifugal
Compressor Volute during Steady Conditions

Table 4.2 depicts the steady response of the local speed companikere the high operating

speed of 98.2rp¥ . is compared against the low operating speed of Ur& \static

pressureacross eeh of the selected crosgction through the turbocharger compressor volute. It

can be seen that static pressure atrP8/Z . increases at design and -gisign conditions

compared to that at 58®s/¥ . The lbwest static pressure increase through thateadccurs at

high flow conditions, while highest static pressure increase through the volute occurs at low flow

conditions. For low flow and design flow, highest static pressure variation is found at the outlet,

EHLQJ f, while lowest static preddu@WaLRQ LV IRXQG DW f DQG f
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IORZ WKH KLIJKHVW VWDWLF SUHVVXUH YDULDWLRQ LV IRXQ
static pressure variation is found at the @utl EHLQJ f

Table4.2 Local Speed Comparison of Static Pressure Variationng Steady Response

6WDWLF 3UHVVXU
f Low Flow Design Flow High Flow
15 70.7 78.6 51.8
45 77.4 77.9 53.2
90 80.4 77.0 51.2
135 83.5 80.2 50.7
180 85.1 82.3 50.8
225 86.0 83.3 50.8
270 86.3 84.1 50.5
315 86.8 84.7 49.9
345 86.9 84.4 46.5
390 88.7 87.0 524
393 89.1 87.3 54.9
400 89.2 87.4 54.8

4.7 Global Velocity Magnitude Distribution around the Centrifugal Compressor
during Steady Conditions
As the impeller rapidlyrotatesdue to the mechanical energy transferred from the ,shaft
momentumgenerated by the impeller wheel cau#ies ambient air to be exposed tsuction
force, drawing fluidinto inducer Flow enters the compressor stage high velocity magnitude
and as it approaches the impeliérfollows the path of the bladeés the flow passes through
the impeller,Coriolis forces and work input in the form of diffusion occurs at the same time
imparting kinetic energy resulting in a velocityagntudeincreaseand static pressure rise into
the fluid Centrifugal forces act on the fluid, pushing particles outwards, radrly the
diffuser. Velocity magnitude is comparatively higher at the trailing edge of the impeller blades
than the leading edgés the flow is squezed into the annulaliffuser passage, diffusion causes
velocity magnitudeto decrease converting kinetic energy into potential enfgrgly The radial
flow velocity is converted into secondary vortex flevmen entdng the volute pasge [21].
Velocity magnitude decreases around the volute due to the increase in area as well as the
curvature 6 scroll [17]. At the BEP, constant circumferentigklocity is exhibited at the
periphery of the volute inlet with reasonable uniform flow velocity across the-segisns,
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having a slight increase in the freestre@mnthe choke side of the map where mass flow rates are
higher than that at the BEP, radial velocity at the periphery ofdhée inlet is found to be
greater than the tangential velo¢itgrming a greater swirl velocity that increases with the eross
section around the volutdhis is a result of the volute passage being smaller for the large
amount of mass flow attempting to pass through. At the surge side of the map where mass flow
rates are lower than that at the BHEBw initially accelerates in the tongue region and then
decelerates downstream to the oufldtis is a result of the volute passage being bigger for the
small amount of mass flow attempting to pass throdgingential velocity is greater with very

low radial velocity, which causes tangential velocity to decrease teulaedoutlet hencethe

volute behaves as a nozzle or a diffy§&]. The exhibited radial velocity at the periphery of the

volute inlet causes constant swirl velocity to occur.

Figure 4.13 in the top row, depicts flow velocity magnituderiadion in the turbocharger
compressor stage during the operating speed of 58¥rpd/ (a) BEP (b) choke (c) surge.
Observing (a), which is the turbocharger compressor stage operation at design flambétat

air flows into the compressor stage thlghuhe inducer at 20m/s. From here, flow accelerates

by DV HQWHULQJFOKRKHAH YROROEOWUPDJIJQLWXGWhdbRFHOHUD
particles pass through the impeller passages and exits into the difftselcompressibility and

difusion hDYH WDNHQ SODFH LQ WKH GLIIXVHU IORZ GHFHOHU!
collected in the volute and kinetic energy in the flow has been converted into potential energy,
WKH IORZ GHFHOHUDWHY HYHQ IXUWKHU DW WKH RXWOHW E

Viewing the operating speed of 58®s/¥ . at (b), which is the turbocharger compressor stage

operation at high flow rate, the ambient air enters the inducer at.28thén the fluid reaches

the exit of the inducer and enters the impeller, the flow accelerates by 148 AWHU WKH DPEL

air has passed through the impeller, changing the fluid properties, further acceleration incurs by
$IWHU DOWHULQJ WKH IOXLG SURSHUWLHYV HYHQ PRU

PDIJQLWXGHYV IDOO E\ he SYaluter Whé fheHlIQdMéhtheDthe léitthe

UHVXOWY VKRZ WKH IORZ GHFHOHUDWHYV E\

Inspectingthe operating speed of 58.9rps/at (c), which is the turbocharger compressor stage
operation at low flow rate, ambient airters the induceat 8m/s. Fluid flow accelerates by

DV LW UHDFKHV WKH LQOHW RI WKH LPSHOOHU %\ W
DFFHOHUDWHG E\ DW WKH GLIIXVHU LQOHW )JURP KHUH
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taken place, flow decelerates by $IWHU WKH HQHUJ\ FRQYHUVLRQ
FRPSUHVVHG IOXLG GHFHOHUDWHYV IXUWKHU E\ WR WKH

It can beseen from the results that by the end of each station, there are variations between the
design and offlesign conditions. Genehgl it appears that velocity magnitude increases in the
inducer and impeller then decreases downstream thereafter. Reviewing variations in velocity
magnitude under the choke condition against the BEP, flow accelerates by DW WKH HQG
the inducer;, abE HOHUDWHYV E\ DW W Klecekt@t€sER | W K HD W P\8 K B OHHQUG
WKH GLIIXVHU DQG GHFHOHUDWHY HYHQ IXUWKHU E\ DW
in velocity magnitude under the surge condition against the BEP, flow décéldd V E\ DW
WKH HQG RI WKH LQGXFHU GHFHOHUDWHV E\ DW WKH H
WKH HQG RI WKH GLIIXVHU DQG GHFHOHUDWHY HYHQ IXUWK

The results also show the variations through eadipsthetween the design and -olésign
conditions. Reviewing variations in velocity magnitude under the choke condition against the
%(3 WKH IORZ DFFHOHUDWHYV E\ WKURXJK WKH LQGXF
impeller; accelerates by 13.6 W KighRhe diffuser; and decelerates by 9V KURXJK WKH YR
Reviewing variations in velocity magnitude under the swigndition against the BEP, the flow
accelerates by 3.4 WKUR XJK W Hettldrades ByFM.U W KUR X JK WakgcelelaRSHO OH
by17.3 WKURXJK WKH ¢lefdt¥s\big4)8 DN XIK WKH YROXWH

Figure 4.13in the bottom row, depicts flow velocity magnitude variation in the turbocharger
compresor stage during the operating speed of 98.2pst (a) BEP (b) choke (c) surge.
Observing (a), which is the turbocharger compressor stage operation at design flambétat

air flows into the compressor stage through the inducer at a 40m/s. Frenilbwraccelerates

entering the impeller b%71.3 . When air particles pass through the impeller passages and exits

into the diffuser, flow velocity magnitude accelerates furthned8.2 $ | Wabking through

the diffuserhaving altered the fluid propertieBow decelerates by 41.6 2QFH WKH IORZ K
been collected in the volute flow decelerates even further at the outlet by 53.1

Viewing the operating speed of 983/¥ . at (b), which is the turbocharger compressomsta
operation at high flow rate, the ambientemters the inducer at B#s. When the fluid enters the
impeller, flow accelerates by 146.1 $IWHU WKH DPELHQW DLU KDV SDV\
energisingfluid properties, further acceleration incurs By $IWHU WKH IO0OXLG SLU

changingeven more through the diffuser passdge to compressibility and diffusion, velocity
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magnitudes fallby 50.6 SULRU WR HQWHULQJ WKH YROXWH :KHQ W]

results show the flow decelerates by 29.7

Inspectingthe operating speed of 98.2r§s/at (c), which is the turbocharger compressor stage
operation at low flow rate, ambient airters the inducer at 2¥s. Fluid flow accelerates by

261.6 D Vleawadsthe irducer and enterthe impelle. By the time, the flow properties have

altered due to the energy imparted on the flitithasacceleratednly by 0.4 DW WKH GLIIXV
inlet during this conditionFrom here, flow decelerates by 42.9nto the volute Postenergy

through the volutethe compressed fluid decelerates by 72.8 WR WKH RXWOHW

It can beseen from the results that by the end of each station, there are variations between the
design and offlesign conditions. Reviewing variations in velocity magnitude under the choke
condifon against the BEP, flow accelerates by 204 DW WKH HQG RI WKH LQGXI
353 DW WKH HQG Racc@erkakes bl B0 Bdadod of the diffuser; and @derates

even further by 442 DW WKH HQG RI WKH YR O KWekcitp irHaghitddeluqdér Y D U L L
the surge condition against the BEP, flow decelerate2y DW WKH HQG RI WKH
decelerates by 21.1 DW W Kh¢ iHg@ler; Rdécelerates byl DW WKH HQG RI WKH
and decelerates by 43.3 DW W Kéivdlu@G RI1 W

The results also show the variations through each station between the design-desigoff
conditions. Reviewing variations in velocity magnitude under the choke condition against the
BEP, the flow accelerates by 15.3 WKURXJK W KletateQug26AH W KDRKXHI K WKF
impeller; accelerates by 41.7 WKURXJK WKH GLIIXVHY6 DNXEJ RHIFKH OVHKUW
volute. Reviewing variations in velocity magnitude under the surge condition against the BEP,

the flow deelerates byl0.5 W K U R X dduc&¥, ideételerates by 97.8W KURXJK WKH LPSI
acceleratesby3.2 WKURXJK WKH GLIIXVHU VDKUGR X FIK HDOKH B R/ G X V\EH

Table4.3 details the speed comparison of velocity magnitude variation at 982rpsimpared

to that at 58.9rpsg¥ .. It can be seen at low flow rate, highest velocity magnitude variation at the

inlet and the outlet occurs in the inducer and volute, respectively, where the turbocharger
compressor stage operating at 98.2¥s/LQFUHDVHV E\ RYHU FRPSDUF
58.9rpsk¥ .. Thelowest velocity magnitude variation at the inlet and outlet occurs in the diffuser

and impeller, respectively, where the operating condition 98.2rpscreases compared to that

at 58.9rpsk .. At the design flow rate, highest velocity magnitude variation at the inlet and the
outlet occurs in the inducer, while lowest velgamagnitude variation at the inlet and outlet

occurs in the volute, where the operating condition 98.&psgicreases for both compared to
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that at 58.9rps¥ .. At the high flow rate, highest velocity magnitude variation at the inlet and the
outlet occursn the diffuser and outlet, respectivelyhile lowest velocity magnitude variation at
the inlet and outlet occurs in the volutghere the operating condition 98.2rjs/increases
compared to that at 588s/¥ ..
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Table4.3 Global Speed Comparison of Velocity Magnitude Variatior

Figure 4.13 Velocity Magnitude Variation in the Turbocharger Compressor Stage during the operating speed of
USVand.98.2rps¥. DW D % (3 EsulgKRNH F
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Figure 4.14 depictsvelocity magnitude variations through each station in the compressor stage
during the operating speed of (a) U awd ) 98.2rps¥ ., both under design and off
design conditionsOverall, it is clear that velocity magnitude variation through eactpooant

is much higher at 98.2rp¥/. than at 58.9rps¥ ..

Figure 4.14 (a) represents the variation of velocity magnitude through each station in the
compressor stageluring he operating speed of 58.9r@s/ under design and offesign
conditions Velocity magnitude in the inducer show similar variances between the three
conditions. Highest flow velocity magnitude variance occurs during the choke condition while
lowest varianceoccurs at BEP. Through the impeller, velocity magnitudees substantially
during the choke condition and comparatively very little during the surge condition. Through the
diffuser, velocity magnitude variances during the surge and choke conditions are very similar,
whereas flow velocity magnitude BEP decelerated the least. Through the volute, flow velocity
during the choke condition decelerated the least whereas, during the surge condition flow
velocity decelerated the most. It appears as the massrfite increases, variance in velocity
magnitude decreases through the volute. In all three operating conditions, flow velocity
magnitude varies in the form of acceleration through the inducer and impeller and substantially

varies in the form of decelerah through the diffuser and volute.

Figure 4.14 (b) represents the variation of velocity magnitude through each station in the
compressor stageluring the operating speed of 98.2rm6s/under design and offesign
conditions As mass flow rate increases, variance in flow velocity magnitude through the inducer
also increases the form of accelerationThroughthe impeller, velocity magnitude vation
during surge condition is negligible whereas this variation duringctieke conditionis
significantly high. Flow velocity magnitudethrough the diffuser varies in the form of
decelerationThis variance igonsiderably higtior the three conditionsvhereBEP and surge
conditionsarevery similarand choke condition varies significantiyelocity magnitude through

the volute varies considerabily the form of deceleratiorit can be seen as the mass flow rate
increases, the flow velocity magnitudierdugh the volute decreasds. all three operating
conditions, flow velocity magnitude varies in the form of accealematrough the inducer and
impeller while through the diffuser and volute, flow velocity magnitudeies in the form of

deceleration.
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Figure 4.14 Velocity Magnitude difference at the inlet and outlet of each component in the turbocharger compressor
stage during () U S V(b¥98.2rps/f¥ .

4.8 Local Velocity Magnitude Distribution around the Centrifugal Compressor
Volute at Low Operating Speedduring Steady Conditions

Figure4.15 depictsvelocity magnitudedistribution through the turbocharger compressor volute

during the operating speed of 58.9rgs/at (a) BEP (b) choke (c) surge. Twelve cresstions

through the volute channel have been presented from the firstserctesn of the scroll situated

above the tongue, through to the outlet of the compressor stage.

It can be seen that there is zero velocity at the walls due stimbeundary conditions. Skin
friction at the walls incur in flow close to the wall to retard the flow causingeieatually stop

at the wall. When flow enters ghvolute from the diffuser, radial velocity component is
converted into a secondary vortex flow, namely, swirl velocity. When ghenomenon takes
place, turbulence mixing or the motion of large scale eddies incutange turbulence and
viscosity in the flow regimecausingthe swirl flow velocitycomponent to dissipat&his resuls

in meridional véocity dump losses and itecoveryis highly unlikely. Due to thisdissipation
tangential velocity superimposes on the flowthe volute peripherySince the presented volute
is external, flow is expected to increase static pressur@and have minimal losses #sw
velocity deceleragsthroughthe freestreanof the volute This, in addition to the curvature of the

volute, causesvariationsin velocity magnitudeFurthermore, disturbances at the tongue has a
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ricochet effect upstream the tongue, specifically the beginningrsafctbe scroll; downstream

the tongue, specifically the exit cone; and at theofiubcation [15, 17, 21, 73]

Observing (a), which is the volute operation at design flowati8.9rpsk ., it is noticel, there

is a great deal of neaniformities occurring, which signifies the magnitude of secondary flows

incurring in the flow regimeLow flow velocity magnitude pockeire depicted near the walls

along the periphery of the outer curve and the volut.ifi W  vélocity magnitudes 78m/s,

which compared to the outldtas an accelerated flow of compared to that exhibiteat the

outlet. It can be seen flow velocity magnitude enters the volutel@relerates significantly in

WKH RYHU K Dy€atity$agnityde accelerateéem that depicted at 1y 36.6 KHQFH,

KDYLQJ DFFHOHUDWHG IORZ RI FRPSDUHigh wdityV KD W |

magnitudeis noticed wherthe flow enters the volute at this csesection, which decelemgin

WKH RYHUKDQJ $W f YHOREAMW\ PDZQLWKKGEH WWKRHO HH D XVOH!
DFFHOHUDWHG IORZ WIK&®is\W sidhicam WerddseHn Hox WeldeityV

magnitude across this cressction, with higher veloc#s depicted at the inlet and in the

overhang. $ W YHORFLW\ PDJQLWXGH ftaid ¢ QidvibDINaRAV exBibits

72.4 accelerated flow velocity magnitudlean that depicted at the outlet. It canskeninflow

velocity magnitude is significantly greater, while the distribution of flow velocity magnitude

over the crossection has reduced, predominantly showing lower regions of velocity magnitude

in vicinity of the outer curve$W  flpw velocity magnitude deceleratby 6.9 ZKLFK LV

60.4 accelerated floncompared to that at the outldt.is noticed that incoming flow has

decreased as well as flow distributed across the profie.flow from the rear face of the volute

depicts low velocity magnitude, which propagates towards the froatdathe volute. $W f

velocity magnitude deceleratbg4 D QG KiHe&XIBW is D F F H OddrogaradHaGhat

at the outlet. Velocity magnitude across this cigsgion shows the previous high velocity

regions to reduce and decelerate furtsbgwing a very low velocity region at the outer curve.

$W fORZ YHORFLW\ PDIJQLWXGH GHFHOHUDWHYV E\ UHV

compared to that at the outléiow inflow velocity magnitude is distributeaicross the profile

with slightly higher flow velocity magnitude remainingp the overhang.$W ffow

acceleratesby 1 D QG H[3RRISE acdekrated flow velocity magnitudempared to that at

the outlet.In this profile, inflow velocity magnitude increases further to that exhibited in the

previously mentioned profile. Velocity magnitude remains low on the rear face of the volute and

the region of slightly higher velocity exhibited in the overhang appears to have propdgated

the cutoff location, flow velocity magnitude accelel@ HVY IXUWKHU E\ ZKLFK
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accelerationof64.3 FRPSDUHG WR W isDaticed Wat\WérélisRignticandy\higher
flow velocity magnitude exists @leinlet, with much lower flow velocity magnitude along the
outer curve and inmecurve.This is a result of being in vicinity of the tongue. The region of
slightly high velocity magnitude in the overhang aforementiomled remains to exist in this
crosssection.At the exit cone, IORZ YHORFLW\ PDJQLWXGH GHFHOHUDWH
accelerated flow velocity magnitudlean that depicted at the outlebw velocity magnitude is
depicted on the front face of the volute with distribution propagating from top of the profile. It is
noticed flow velocity magnitude has reduced ddasbly in comparison with the coff
location. At the discharge duct, flow velocity magnitude has decelerated by 13.4 ZLWK
acceleratiorcompared to the outleDistribution of low velocity magnitude zones are identified
across this profile, predamantly somewhat in the freestreaas well as from the top of the
profile. This appears to be from the upstream flow depicted in the exit cone. At the outlet, flow
YHORFLW\ PDJQLWXGH GH F H QOgHawbgudw\fedtovisHixheXreewirgamyU E \

Viewing (b), which is the volute operation at high flow rate&8.9rpsk ., it can be seen that
there are higmon-uniformities in the fluid indicating the presence of secondary flows. These
arefrom the radial velocity component forming into swirl velocity. Distinct pockets of low flow
velocity magnitudepeaks are depicted near the walls along the periphery of the outer curve and
thevoluteinlet. Rezaei (2001)17] describes at higher flow rates, throughflow velocity increases
from the tongue to the outlet as a result of flow incoming to the volute with a negative incidence.
This indicates the volute passage is large for the small amount of mass flow passing through and
is as expected at this efesign condition near choke. However, what is seen in this casanare |
flow velocity zones displayed upstreahe tongue downstream the tongue and in the tongue
region which popagates into the exit conghis flow deceleration indicates the volute passage

is small for the large amount of mass flow passing through and is unexpected atdleisi grif
condition near choke. Downstream of 4fyvever it can be seen that flow velocity magnitude
begins tocontinuouslyaccelerateintil the flow reaches theut-off location where flow velocity
magnitude decelerates, which is somewhat similar to that described by Rezaei (ZQ01) [
Furthermore the increase in flow velocitthrough the volute passagealso due tsecondary
flows, such aswirl velocity component, whicincreases with the crosectional area$ W f
velocity magnitudeis 86m/s, which compared to the outlet hasalerated flow of 17.9
compared to that exhibited at the outlé¢re, flow enters the volute at a high velocity magnitude
which decelerates rapidly, prominent in the central region of the profile. Distinctive high velocity

magnitude is also displayed in vicinity of the wall in the front face and in the overhang at the
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interface. $ W f YHORFLW\ PDIJQLWXGH GHFHOHUDWHYXHQRH® W
KDYLQJ GHFHOHUDWHG IORZ RI at thRdRitEeD Thit & théResWItkoD W H |
that aforementioned regarding disturbanoethe flow caused by the tongukeow velocity
magnitude zone is depicted in the freestredithe cosssection which increases concentric to
this low velocity magnitude zone. Additionallghere is a region of low velocity magnitude on
the rear faceof the profile, which appears to increase along the outer curve towards the front
face. Higher velocity magnitude regions are located at the inlet on the rear face of the profile and
in the overhang at the interface W f YHORFLW\ PDJQLWXGH DFFHOHUDW
UHVXOWHG LQ KDYLQJ DFFHOHUDWHG 10 magnivdeDs) W KD\
depicted in the freestream as well as on the rear face, at the inlet towards the overhang and in the
vicinity of the overhang wall. Higher flow velocity magnitude is exhibited surrounding the low
velocity region in the freestream with eventieg areas of velocity magnitude close to the outer
curve walland at the inlet$ W YHORFLW\ PDJQLWXGH DFFHOHUDWHYV E
and exhibits 26.8 accelerated flow velocity magnitudkean that depicted at the outlébw
flow velocity magpitude region is localeddin proximity of the outer curve arat the inlet close
to the overhang. igher velocity magnitude is seen acrale lower sector of the profileAt

f flow velocity magnitude aweleratedy 2.6  Z KL FB8D.1 Vacceleratedlow compared
to that at the outleHigh velocity magnitude is exhibited #ite inflow alongthe rear faceand
appears to accelerate from the outer curve towards the overbangvelocity magnitude is
exhibited near the inlet towards the overhasgwvellas along the outer curvé W vélocity
magnitude acceleratéy 1.6 D QG KitHefIBWis32.1 D F F H OddétdganatHdazhat at the
outlet Throughflow velocity magnitude in this profile is similar to that previously discussed,
however with higher velocity magnitude across the lower sector of the profile and low velocity
propagating from the outer curve towards the rear faggVv flbw velocity magnitude
DFFHOHUDWHV E\ UHV XOWL @JImpa@ed to tHaf& Hhe dulldoawH G 10R
velocity magnitude is depicted along the outer curve and at the inlet close to the overhang. From
the outer curve to the lower sector of the profile in the overhang, throughflow velocity magnitude
increases.$ W flbw accelerates by 4.8 DQG H[K2LZ%k Lacélerated flow velocity
magnitudecompared to that at the outl&ehaviour of flow velocity magnitude is the same as
that previously described, however the distribution is propagated, especially with high velocity
magnitude region localised in thener sector of the profile, towards the overhang. At theotfut
location,IORZ YHORFLW\ PDJQLWXGH DFFHOHUDWHY IXUWKHU E\
57.2 FRPSDUHG WR WIRrénwhedt Ww\Midudhfox Weldditywwnagnitude can be seen

along the outer curve towards the rear face and near the inlet towards the overhang. Higher
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velocity magnitude exhibits along the front face and increases from the walls inwards towards
the central region. In this case, highest throughflow velocity is depicted in the lower sector of the
profile towards the front faceSignificant variations in throughflow velocitsnagnitudes are

exhibited again, indicahg thatsecondary flows are presewit the ext cone, flow velocity
PDJQLWXGH GHFHOHUDWHV E\ H[KLELWLQJ thanthatF FHO H |
depicted at the outlef.ow velocity magnitude regiorege depicted along the rear fatm curve

and front face of the profileyhile towvardsthe central region, thikow appears to accelerate. The

highest velocity region is depicted in the central lower sector of the profile towards the front
face. At the discharge duct, flow velocity magnitude has decelerated by 1ZT W K

acceleratio compared to the outleligh velocity magnitude deceleraté®m the reaface and

to the front face, showing prominent region of the highest velocity magnitude in the central
lower sector of the profile towards thear face. At the outlet, flow velocy magnitude
GHFHOHUDWHY HYHQ IXUWKHU E\ VKRZLQJ KLJKHU UHJL

surrounding this.

Inspecting (c), which is the volute operation at low flow & t68.9rpsk ., it can be seen that

there is a region on higkelocity magnitude along the outer curve downstream the upper sector

of the tongueRezaei (2001)17] describes at lower flow rates, throughflow velocity decreases

from the tongue to the outlet as a result of flow incoming to the volute with a positive incidence.

This indicates the volute passage is small for the large amount of mass flow passing through and

is as expected at this fedesign condition near surgén this case, throughflow velocity

magnitude decelerates from the tongue to the outlet, indicating that at thssmfh condition

near surge, flow velocity magnitude behaves as expe®&d. vélocity magnitudes 124ms5,

which compared to the outleKDV DFFHOHUDWHG IORZ RI FRPSDUHG

outlet. It is observed that inflow velocity magnitude is high on the rear face and decreases

slightly following the curvature of theuterwall prior to decrasing furtheracross the profile

towards the overhan@here is also a region of low velocity on the front face of the profile- Non

uniformities at this location arexpected due to being the first cr@estion downstream the

upper sector of the tongue.\K f YHORFLW\ PDJQLWXGH GHFHOHUDWH)
KHQFH KDYLQJ DFFHOHUDWHG IORZ RI FRRIBDUHG W

tothe SUHYLRXV GLVFXVVLRQ DW f, high flow velocity magnduadeds seen at th

the rear face, howevat this crossection, distributiorof high velocity magnitudes much

smaller than thapreviously observedlhe velocity magnitude from the rear face decelerating

slightly along the curvature of the outer wall the prevous crosssection appears to have
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propagated even further following the curvature along the front face wall towards the overhang
in this crosssection. Low velocity magnitude area is localised next to the inlet near the
overhang. $ W f YHORFLW\ PDIJIQLWXGH GHFHOHUDWHYV E\ )
DFFHOHUDWHG I0RZ WHl&ExMbK DWvdbiity WdgHtuBeXvg cebr W
face of the profile as well as higher velocity magnitude towards the overhang. From the rear face
of the volute, velocity magnitude appears to slightly increase across the profiles towards the
overhang following the curvature of the wallhe high velocity magnitude area following the
curvature along the front face wall towards the overhang from the previoussentiss appears
to have moved further into the overhdegning towards the front fade this crosssectionand
has slightly higher velocity magnitude in tbentreof this moving high velocity region. $W f
velocity magnitude decelerates by 214 URP WKH SUHYLRXV D&cletafddL EL WV
flow velocity magnituddehan that depicted at the outlet. The region of high velocity magnitude
in the previous section has decreased in this @®estson and remains in the overhang but now
appears toéleaning towards the rear face. Low velocity zone is depicted at the top of the profile
slightly at the rear face and accelerates towards the front face. Low velocity is also distinctly
depicted in the centre of this cressction. $ W flbw velocity magnitude deceleratéy
19.2 ZKLFXA1BV accelerated floncompared to that at the outlét. the previous cross
section,low velocity magnituderegion at the top of the profile slightly at the rear face appears to
have moved slightly towards the fnb facein this crosssection. $ W vélocity magnitude
deceleratedy 20.1 D QG KtHeXBWwlis149.2 D F F H Odetd@anatdHdsthat at the outlet
Low velocity magnitude has manifested across this profile depicting lowest region at the inflow
towards the overhang, with slightly higher flow velocity magnitude at the inflow along the rear
face and along the front face curvature near the wall. $Wflow \elocity magnitude
decelerates by 21.6 UHV X @58 L @F KO H U boWwpgdiéd tdtRaZ at the outlebwest
velocity magnitude regions ambserved at the outer curve of the profile, which appears to
slightly increase to the highest velocity magnitude region within the profile. The slightly high
velocity magnitude region depicted along the front face curvature near the wall in the previous
profile appears to have decelerated further and reduced its distribution in length, but slightly
increased its distribution in width. $W flow decelerates by8.7 DQG H[R&ELWYV
accelerated flow velocity magnitud@mpared to that at the outlébw velocity magnitude is
exhibited here with minimal variations across the cs®gion.At the cutoff location, flow
velocity magnitude aelerates further by 5 ZKLFK GHSLFWV D@8DFFHOHU
compared to that at the outl&tflow velocity magnitude has significantly increased at this eross

section. This appears to be caused by the disturbatcas well as in vicinity of the tongue
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region. Aside from this, velocity magnitude is low across the profiethe exit cone, flow

velocity magnitude decelerates by 35.2 HK2Z2BLWIFFHOHUDWHG IORZ YHORF
than that depicted at the outlébw velocity magnitude zone seen near the wall along the
curvature of the front face, while the highest region of velocity magnitude is seen near the wall

of the rear faceAt the discharge duct, flow velocity magnitude has decelerated by 1Bith

3.6 DFFHO ddhpared ® @e outlethe variations of velocity magnitude are similar to that
previous discussed, however in this cresstion, the velocity magnitude variation regions
appear to have a slightly greater distributiarea. At the aitlet, flow velocity magnitude
decelerates even further by 3.5 VKR Z L QuéloditiR Bhagnitude across the cresection with

minimal variations

Overall at low operating speed of the centrifugal compressor, it can be seen that velocity
magnitudeincreases from surge to choke in the vqglai® expectedlhe surgeondition depicts

a lineardecrease in velocity magnitude. At BEP, YHORFLW\ PDJQLWXGH LQLWL
before decreasing downstreamthe outlet.The choke condition depicts dncrease in velocity

magnitude to the cff location, prior to decreasing downstream to the autlet
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Figure 4.15 Velocity Magnitude around the Compressor Volute during the operating speed of S8/ a¥ .
(a) BEP (b) choke (c) surge
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Figure 4.16 depicts the variation of velocity magnitude across each -sexgn around the
centrifugal compressor volute during the operating speed of dt3ow How rate, being

near the surge cdition; design flow rate, being the best efficiency point; and high flow rate,

being near the choke condition. This section is carried out in order to understand how the low
and how the high flow rates near extreme phenomena differ in velocity magnitunehfe

design flow rate. It is clear that downstreamf9@he low flow shows lower velocity magnitude

than the design flow, while high flow shows higher velocity magnitude than the design flow
throughout the centrifugal compressor volute. At 15 f, low flow depicts an increase in velocity
magnitude of 60 FRPSDUHG WR WKH GHYVL dépictOaRvEloctyKrmagrtudel JK |C
increase of 99 FRPSDUHG WR WKH GHVLJQ IORZ $W f, surge cond
magnitude increase of I1I5FRPSDUHG W Rhi ghbkeds@ndition depicts a dease in

velocity magnitude of 31.9 FRPSDUHG WAR 90K ldw %toBdepicts a velocity
magnitude derease of 11.4 FRPSDUHG W BwWAHild higHfM di€pidt©an increase

in velocity magnitude of 5.1 oFpared to the design flovat 135 f, surge condition depicts a
decrease in velocity magnitude of 23.6 FRPSDUHG WR WKH % (3degiid®H FKR
velocity magnitude iorease of 199 FRPSDUHG WR WKldw %ol degicts a  f
decrease in velocity magnitude of 33.7 FRPSDUHG WR WKH GHVdepiQslkORZ Z1
velocity magnitude iorease of 27.3 FRPSDUHG WR WKH GHVLJQ IORZ $W
depicts a velocity magnitude ctease of 447 FRPSDUHG WR WKH %(3n ZKLOH
depicts an iorease in velocity magnitude of 31.3 FRPSDUHG AV R/OW,Haw B 3

depicts a velocity magnitude ctease of 55.8 FRPSDUHG WR WKH GHVLJQ IOR
depicts arincrease in velocity magnitude of 34.6F R P S D U H GesWyriRflow. Kt 31%5f, surge

condition depicts a @eease in velocity magnitude of 60.IFRPSDUHG WR WKH % (3 Ztk
conditiondepicts a velocity magnitude increase of 3 FRPSDUHG WR WKH % (3 $W
is the cutoff location, low flow depicts decrease in velocity magnitude of 60.8 FRPSDUHG W
the design flow, while high flowlepicts a velocity magnitudedrease o884 FRPSDUHG WR W
design flow. At 390 f, which is the exit cone location, surge condigpicts a velocity
magnitude dereag of .1 FRPSDUHG WR WKH % (3 ZKile choke condition depicts &
velocity magnitude o43.5 FRPSDUHG WRt 39KMH whheqiBis the discharge duct
location, low flowdepicts a velocity magnitude ctease of 659 FRPSDUHG WR WKH GH
while high flow depicts an increase in velocity magnitude of BERPSDUHG WR WKH GH)\
At 400 f, which is the outlet locatjcsurge condition depicts aatease in velocity magnitude of

659 FRPSDUHG WR WKH % (3 ZKLOH Ifokit MagnituBeQriered¥d &§Q G H S
41 FRPSDUHG W®elMlKthis Yu@atifies the velocity magnitude variation across each
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crosssection around the centrifugal compressor volute as a function of flow rates and how the

off-design conditions vary against the design condition at low operating. speed
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Figure 4.16 Velocity Magnitudecross each crossection around the Compressor Volute during the operating
speed of 581ps/¥ .

Figure4.17 is a graphicalrepresentation depictinpe asymmetric ratio of velocity magnitude
along the radialdirection of the profiles around the centrifugal compressor volitethe
operating speed of 58®s/¥ .. When the asymmetric ratio is at 1, the velocity magnitude in the
flow is symmetric. When the asymmetric ratio is less than 1, velocity magnitude in the flow is
asymmetric towards the outer curve. When the asymmetric ratio is more than 1tyveloci
magnitude in the flow is asymmetric towards the inner curve. It can be seen that velocity
magnitude along the radidirection of the profiles through the volute is significantly asymmetric
at design and offlesign conditionsAt 15f DQG IURP flowwRlocity fnagnitudes
along the radiatlirectionexhibit asymmetry towards the inner curve. At 45 f, velocity magnitude
along the radiatlirection depicts asymmetry towards the outer cuimelow flow and design

flow, while high flow remains asymmetric towards the inner cuAte315 f, low flow depicts
asymmetry towards the outer curve, while design flow and high flow ressgimmetic towards

the inner curve. At 3454l) flow conditions depicdominant velocity magnitude along the radial
direction towards the inner curveAt 390 fand 393 f, design flow and high flow displays
asymmetric velocity magnitudaong the radiatlirectiontowards the outer curygvhereasow

flow exhibits asymmetry towards the inner curve. At 400\ flow and high flowconditions
presentasymmetryof velocity magnitudealong the radiadirection towards the outer curve,
while the design flow condition presentasymmetry towards the inner curv@verall at low
operating speed, flow rate is seen t@eha significant influence on the imbalance of velocity
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magnitude along the radial direction dhe crosssection profiles inside the centrifugal
compressor volutelue to the effects of frictionMore detailed graphical representations are
depicted in APPENDIX 2

Low Flow Design Flow

Figure 4.17 Asymmetric Ratio of Velocity Magnitudiong the RadiaDirection onthe Profiles around the
Centrifugal Compressor Volute ap@ratingeed of USV ¥. Guring Low Flow Rate, Design Flow Rate and
High Flow Rate

Figure4.18is agraphicalrepresentation depictinpe asymmetric ratio of velocity magnitude

along the axiadlirectionof the profiles around the centrifugal compressor vatitée operating

speed of 58.9rp¥ .. It can be seen that velocity magnitude alongakial directionon the

profiles through the volute is significantly asymmetric at design andesiign conditions. At

15 fof the low flow condition, symmetric velocity magnitude along the axiairection is

identified At 45 fasymmetic flow velocity magnitude i®bserve towards the rear face. At 0

DQG f, flow velocity magnitude exhibits sigrafigemhetry towards the front facat

180 f I10RZ Y HOR F leXtibitPaSyirnetytoivams the rear face, followed by symmetry

aw FW f TORZ Y HO R kgam, exRilitd 3ymmaiyIdivards the rear face, prior

to displaying asymmetry towards the front face/ f DQG f. Thereafter aW f DQC
flow velocity magnitude depts asymmetry towards the rear face once more, before displaying
asymmetrythat is localised towards the front faBeW $W f D QG dgsidniflow Krd

high flow conditions velocity magnitude depicts asymmetry towards the rear faoe.the

design flow condition, asymmetry of velocity magnitude along the axial direction remains
towards the rear facevd [OQG f, whereas for the high flow condition, asymmetry is
observed towards the front face and rear face, respectiéély. @ @ f DV\PPHWU\ LV
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towards the front facéor the design flow condition, while the high flowondition remairs
asymmetriccowarGV WKH UHDU DX BV velocjty magnitude along the axial
direction depicts asymmetry towards the froiaice and the rear face, respectivefpr both
designflow and highflow conditions $ W f DV \BfRe&ldsty inagnitude isdentified
towards the front face fahe design flowcondition, wiereaghe high flow condition shows that
asymmetryremais WRZDUGV WKH UHMDWGDFHf $BRWKfIORZ FRQGLYV
asymmetryof velocity magnitude towards the rear fadeng the axial direction otne profiles.

$W thedesign flowcondition depictasymmety towards the front fagevhereas the high

flow condition depictssymmetic velocity magnitude along the axial directidDverall at low
operating speed, it is observed that flow rate has a significant influence on the imbalance of
velocity magnitude along the axial directiohthe crosssecton profiles inside the centrifugal
compressor volutdue to friction It is noticed that as the flow rate increases, the asymmetry of
velocity magnitude along the axial direction decreabtse detailed graphical representations

are depicted in APPENDIX.2

Low Flow Design Flow

Figure 4.18 Asymmetric Ratio of Velocity Magnitude along the ARiatction onthe Profiles around the
Centrifugal Compressor Volute ap@ratingpeed of USV ¥. Guring Low Flow Rate, Design Flow Rate and
High Flow Rate
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4.9 Local Velocity Magnitude around the Centrifugal Compressor Volute at High
Operating Speedduring Steady Conditions

Figure4.19 depictsvelocity magnitudedistributionthrough the turbocharger compressor volute

during the operating speed of 98.2rés/at (a)BEP (b) choke (c) surgeTwelve crossections

through the volute channel have been presented from the firstserctesn of the scroll situated

above the tongue, through to the outlet of the compressor stage.

Observing (a)which is the volute operatn at design flow ratat 98.2rps¥ ., it can be seen that
throughflow velocity magnitude is highly namiform until reaching the discharge duct, where
comparatively low flow velocity was achievefimilar to 58.9ps/¥ ., pockets of low velocity
magnitudeis seen along periphery of the outer curve and along the periphery of the volute inlet
$W f YHORFLWI14bhius] @hiclv co@phred to the outleds an accelerated flow of
79.9 ,QIORZ YHORFLW\ PDJQLWXGH LV V idawreat th®@anface KL JK
and the front face of the volute. As the inflow is directed further into the-sext®n velocity
magnitude deceleratest W f YHORFLW\ PDJQLWXGH DFFHOftW DWHV
KHQFH KDYLQJ DFFHOHUDWHG IORZ RI FRARABDUHG W
velocity magnitude behaviour is similar here, as to that previously discussed. Distribution of
velocity magnitude is high at the entrance, which propagates towards the front face with even
higher velocity magnitude depicted in the central region of this high velocity zone. Low velocity
magnitude is identified near the wall of the overhang and the outer curve from the reat face.

f YHORFLW\ PDIJQLWXGH DFFHOHUDWHYV E\ ZKLFK L
accelerated flow than that at the outlet. From the previously described profile, high velocity
magnitude has manifested across this profile, depicting high velocity in the overhang and low
velocity along the periphery of the outer curve, near tlad. wb W VElocity magnitude
GHFHOHUDWHYV E\ IURP WKH addéleratdd How \2IQody adaliuele W V
than that depicted at the outlétere, inflow velocity magnitude is high and as the flow travels
further into the profileyelodty magnitude decreases. Along the overhang, a region of slightly
lower velocity is exhibited from the upstream flo&%W  flgw velocity magnitude decelerates
by 12.2 Z KL FRKO.2 Vaccelerated floncompared to that at the outlétery small area of
high velocity is identified at the inlet and rear face. Flow velocity magnitude in this profile is
predominantly comparatively lower than the previdDistinct low velocity magnitude area is
depicted in the central region towards the outer curve. $ Welocity magnitude decelerates
by 3.4 DQG KHE ffoM is D F F H O ¢bapakcHt® that at the outldtow flow

velocity magnitude distribution manifests across this profile with higher velocity magmnitade
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the wall along the outer curve and near the inddbng the overhang. A very small low velocity

zone is identified on the rear face of this cresstion and again, high inflow velocity magnitude

is exhibited. 7KHUH DUH PLQLPDO YDUL JWLER@UWEMMIGHIND  ff
IORZ YHORFLW\ PDIJQLWXGH GHFHOHUDWHYV E\compardésiHdoy X O W L
that at the outletLow flow velocity magnitude is distributed across this profile with higher
regions of velocity magnitude near the wall along the outer curve more towards the rear face and
near the wall along the overhang more towards the front face. Small distribution of high inflow
velocity magnitude is depicted$ W ffow decelerates by 0.3 DQG H[K&E&ELWYV
accelerated flow velocity magnitudempared to that at the outl®ariation and distribution of

velocity magnitude in this profile is similar to previous, however there is an even smaller
distribution of high inflow velocity magnitude and there is higher velocity magmitdentified

near the wall along the outer curve more towards the rear Aadbe cutoff location, flow
YHORFLW\ PDJQLWXGH DFFHOHUDWHYV E\ ZKLFK GHSLFW
that at the outletAgain, variation and distribution of velocity magnitude across this profile is
similar to that previously discussed. There is a greater area of high inflow velocity magnitude
depicted with lower velocity magnitude near the wall along the rear face, front face and in
vicinity of the overhang. At the exit cone, IORZ YHORFLW\ PDJQLWXGH GH
HIKLELWLQJ DFFHOHUDWH G the® Rhat depicder Rt e oBtiaidw) L W X G H
velocity magnitude manifests across this profile with low zones along the front face near the
wall. A regon of higher velocity magnitude on the lower sector of the esessonon the rear

face has also been identifiest the discharge duct, flow velocity magnitude has decelerated by

129 ZLWK DFFH O Kdimpakét RoQthe outlei/ariation and distribution of velocity
magnitude across this profile is similar to previous. The low velocity magnitude zone appears to
have propagated and the higher velocity area appears to have shrunk. At the outlet, flow velocity
magnitude deceleratdd YHQ IXUWKHU E\ VKRZLQJ ORZ YHORFLW\ P

Viewing (b), which is the vaite operation at high flow ratat 98.2rpsk ., shows similar

behaviour to that at 58.s/¥ .. Low velocity magnitude zones are depicted in vicinityhef t

tongue region with pockets of low velocity magnitude along the curvature near the outer wall and

the volute inlet./RZ IORZ YHORFLW\ PDJQLWXGH EHWZHHQ WKH WR
the volute passage being too large for the little amountaskriiow passing throughT]. Higher

areas of velocity magnitude are depicted near the volute inlet anR clt ORFDWLRQ $W
velocity magnitudes P V ZKLFK FRPSDUHG WR WKH RXWOHMW KDV G|

entering the volute at this cressction near the rear face exhibits very low velocity magnitude,
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while flow entering the volute closer to the front face showghdri velocity magnitude. It
appears inflow follows the curvature of the outer wall against the rear face. There dosvalso
velocity magnitude zone depicted in the overhang and in the freestream. $W f YHO
magnitude accelerates from that depicted a W f EKHQFH KdMhated flavHbf
71 FRPSDUHG WR WKDW HHé&d, BEncahdgsflaw Welwity FhaghKudeQsHhwgh
with low velocity near the wall along the outer curve and in the freestream. Velocity magnitude
appears to increase concentric to the low zone in the centre of the profile. Small area if high
velocity is exELWHG QHDU WKH ZDOO EHWZHHQ WKH LQOHW D
PDJQLWXGH DFFHOHUDWHV E\ ZKLFK LQ WXUQ UHVXOW
that at the outleincoming flow velocity magnitude is high as well as that near the wall along the
outer curve. Distribution of lower velocity magnitude region is depicted central of the profile
with concentric slightly higher velocity towards the outer wa&lw vElocity magnitude
DFFHOHUDWHYV E\ IURP WKH Sadddlyrateddow Delpty Hnjagitede W V
than that depicted at the outlé&gain, high inflow velocity magnitude is exhibited with higher
velocity magnitude zone. Low velocity magnitude is depicted in the central region of the profile.
$W fiow velocity magnitude decelerateby 0.7 ZKLFK37.BV accelerated flow
compared to that at the outldtlow enters this crossection at a very high velocity with
significantly lower velocity near the wall between the volute inlet and the overhang. High
velocity manitude is distributed in the overhang with lower velocity magnitude in the central
region of the crossection.$W  vélocity magnitude decelerateg0.2 D QG K tH&XIew
is D F F H Od¢drdpganddHdsthat at the outlet. There is the smalkgtoof high velocity
magnitude exhibited at the inflow close to the rear face and also a pocket of low velocity
magnitude exhibited at the inflow close to the front face. A small region of high inflow velocity
magnitude is exhibited close to the rear fashjle a small region of low inflow velocity
magnitude is exhibited close to the front faleethis profile, high velocity magnitude region is
exhibited in the overhang with lower velocity magnitude distribution towards the outer Aurve.
fflowveloFLW\ PDJQLWXGH DFFHOHUDWHYV E\ dorkipdrddd WL Q J
to that at the outlet.ow inflow velocity magnitude near tHeont face and highnflow velocity
magnitude near the retace appears to have shrunk in this profile. Low vejogdcket is seen
to be emerging from the outer curve into the profile. There is asobdtion of high velocity
magnitude whichappears to blcalised in the overhangg W  flgw accelerates by 3.4 D Q G
exhibits 44.8 accelerated flow velocity magnitudeompared to that at the outleéthe
distribution of low inflow velocity magnitude near the front face appears to remain unchanged,

while the distribution of highinflow velocity magnitude near the rear face appears to have
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extended. From the previously discussed profile, the pocket of low velocity magnitude localised
along the outer curve appears to have elongated deswhe rear face of the profile and the
distribution of high velocity magnitude depicted in the overhang, appears to have radnifest

the cutoff location, IORZ YHORFLW\ PDIJQLWXGH DFFHOHUDWHYV E\

of 61.7 FRPSDUHG WR W KPuckdd o¥ highkvelodRyXriaghiiMe is observed near

the outer curve near the read face with slightly lower velocity previously depicted in the
overhang, appears to have propagated substantially across this profile. At the exit cone, flow
YHORFLW\ PDIJQLWXGH GHFHOHUDWHYV E\ HIKLELWLQJ
than that depicted at the outlatelocity magnitude appears to have decreased significantly,
showing low regions near the wall of the outer curve in the upper half of the profile. Slightly
higher velocity magnitude is seen in the profile in the lower half, towards the reaAfabe.

discharge duct, flow velocity magnitude has decelerated further by 15.1 ZLWRKFHOHUDWL|
compared to the outldtow flow velocity magnitude zone is depicted central near the wall of the

front face towards and along the outer curve near the wall towards the rear face. Higher velocity
magnitude is seen in the central region of the profile, localised more towards the upper half and
near the rear face$W WKH RXWOHW IORZ YHORFLW\ PDIJQLWXGH C
showing low velocity magnitude near the wall and slightly higher velocity magnitude distributed

across the profile.

Inspecting (c), which is the volute operation at low flow &t68.2rpsk ., it can be seen that

there are many disturbances in terms of-upiformities near the tongue regiolV R f, which
signifies that secondary flows are introduceRZQVWUHDP f LW FDQ EH VHHQ
YHORFLW\ PDJQLWXGH LV EHJLQQLQJ WR Eisl1®misLwh¥tHG $W
FRPSDUHG WR WKH RXWOHW K DHighDrelécityOnthghDuideHsistbRied R |
across this crossection with even higher inflow velocity magnitudeow velocity magnitude

zone near the outer curve is exhibited caused by the upstream disturbance occurring at the tongue
and the frictional effects take place between the fluid flow and the alV  vglocity
magnitude dEFHOHUDWHY IURP WKDW G HKBQFRMH Gdahevidted) fldveof

2746 FRPSDUHG WR WKDW H[Heke: highHri@EHowD VelodtKribgtxde/ @ H W
exhibitedagainst the rear face, which propagates following theature of the outer wall of the
crosssection and also distributes with a slight deceleration into the overhangvelogity
magnitude appears to be emerging in the freestream with surrowaddielgrated w. $ W f
velocity magnitude decelerates by 8. ZKLFK LQ WXUQ UHVXOWHG LQ KDYL
flow than that at the outlet. It is observed the high velocity magnitude depicted in the previous
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profile appears to have moved against the front face and the overhang. It is also noticed there is a
small area of high inflow velocity magnitudeow inflow velocity magnitude appears to have
propagated towards low velocity depicted in the freestream in the previoussectiss. At

f velocity magnitude decelerates by 25.2IURP WKH SUHYDbBRXIS5.DQG H[K
accelerated flow velocity magnitudban that depicted at the outlét.can be seen the low
velocity magnitude from the previous profile has manifested across this profile and the high
velocity area near the wall of the overhang has also elatetl significantlyAdditionally, high
inflow velocity magnitude discussed in the previous profile Bbghtly increased in its
distribution $W ffow velocity magnitude deceleratesy 18.4 ZKLFKL0&¥
accelerated floncompared to that at the outlétside from the high in flow velocity magnitude
propagating in toward the centre of the crssstion, velocity magnitude across this profile is
low and almost uniform. $W velgcity magnitude deceleratbyg 12.3 D Q (hck, the flow
is D FFHO lddmpanedi @ that at the outlefhe region of high inflow velocity has
decreased substantially due to the low velocity across the profile previously discussed,
propagating furtheand closer to uniformity $ W flbw velocity magnitude decelerates by

UHVXOWLQJ LQ DFFHOHUDWHG | Sighificemtiyphrgd moffihat at the outl

velocity magnitude is exhibited in comparison to this previous profile, which has also increased
in its distribution. Aside fsm this, the crossection remains to present low velocity magnitude.
$W flbw accelerates by 9.5 DQG H|[RLE Labtcelerated flow velocity magnitude
compared to that at the outlétigh inflow velocity magnitude propagates against the rear face
near the wall with a slight increase along the curvature of the outer wall. Low velocity magnitude
continues to be the distributed predominantly across the profile. Further to this, a zone of low
velocity magnitudels seen at the base of the overhang nkarvolute inlet At the cutoff
location,  ORZ YHORFLW\ PDJQLWXGH DFFHOHUDWHV E\ ZKLI
compared to that at the outld@the low velocity magnitude across the profile appears to have
manifested even more, reduced thghhinflow velocity magnitude region. At the exit cone, flow
YHORFLW\ PDIJIQLWXGH GHFHOHUDWHYV E\ HIKLELWLQJ
than that depicted at the outlébw velocity magnitude is exhibited across this cresstion
with even lower velocity magnitude in its freestream. At the discharge duct, flow velocity
magnitude has decelerated further by 16.3 ZLWG®&HF H O H UdompHlr&l toQHe Hutlet.
Flow velocity magnitudes remains to be low across this profile with an evifreif decrease in
flow velocity magnitude in the freestream. At the outlet, flow velocity magnitude accelerates
VOLJKWO\ E\ VKRZLQJ ORZ YHORFLW\ PDIJQLWXGH GLVWL
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Overall at high operating speed of the centrifugal compresisacgn be seen that velocity
magnitude increases from surge to choke in the volute, as expected. The surge condition exhibits
a linear decrease in velocity magnitude. At BEP, velocity magnitude increases from the first
SURILOH WR f EHIRUH GHFUHDVLQJ GRwnstream to the outlet. The
increase in velocity magnitude to the -ofit location, prior to decreasing downstream to the

outlet.
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Figure 4.19 Velocity Magnitude around the Compressor Volute during the operating speed rpsf8.2t
(a) BEP (b) choke (c) surge
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Figure 4.20 depicts the variation of velocity magnitude across each -sexgn around the
centrifugal compressor volute during the operating speed of dt3ow How rate, being

near the surge condition; design flow rate, being the best efficiency point; and high flow rate,
being near the choke condition. This section is carried out in order to understand how the low
and how the high flow rates near extreme phenomena differ in velocity magnitude from the
design flow rate. It is clear that downstreamf9@he low flow shows lower veicmagnitude

than the design flow, while high flow shows higher velocity magnitude than the design flow
throughout the centrifugal compressor volute. At 15 f, low flow depicts an increase in velocity
PDJQLWXGH RI FRPSDUHG W Bh ¥ Hepiztd & LeldQity @&yZitude K L O H
GHFUHDVH RI FRPSDUHG WR WKH GHVLJQ IORZ $W f,
PDIQLWXGH GHFUHDVH RI FRPSDUHG WR WKH % (3 ZKLOI
YHORFLW\ PDJQLWXG Hthe BEPAtOR P, W flow Gepi¢tR a velocity magnitude
GHFUHDVH RI FRPSDUHG WR WKH GHVLJQ IORZ ZKLOH K
PDJQLWXGH RI FRP SDUHAS 138 R, stvgeHtoiianLdgpicts @ Recrease in
velocity maJQLWXGH RI FRPSDUHG WR WKH %(3 ZKLOH FKR
PDIQLWXGH LQFUHDVH RI FRPSDUHG WR WKH %(3 $W
YHORFLW\ PDIJQLWXGH RI FRPSDUHG WR WKH GtVLIQ I
PDJQLWXGH LQFUHDVH RI FRPSDUHG WR WKH GHVLJQ I
YHORFLW\ PDIJQLWXGH GHFUHDVH RI FRPSDUHG WR WKF
LQFUHDVH LQ YHORFLW\ PDJQLWXGIHt R10f,low AP depdisHEG W R\
YHORFLW\ PDJQLWXGH GHFUHDVH RI FRPSDUHG WR WKH
LQFUHDVH LQ YHORFLW\ PDJQLWXGH RIAt 315 f FRgesdondliidda W RV
GHSLFWV D GHFUHDVH LQ Y KdnRdrddvib\thie BER) wiWleXcBdke Bandition

depicts a velocity magnitude increase of 389 FRPSDUHG WR WKH % (3 -$W f,
off location, low flow depicts a decrease in velocity magnitude of 36.3 FRPSDUHG WR W/
flow, while high flow depicts a velocity magnitude increase of 41.8 FRPSDUHG WR WK
flow. At 390 f, which is the exit cone location, surge condition depicts a velocity magnitude
decrease 0of 43.3 FRPSDUHG WR WKH % (3 ZKLOH FKRNH FRQGLWL
magnitude of 47.3 FRPSDUHG WAR398/ K Whieh (i8 the discharge duct location, low

flow depicts a velocity magnitude decrease of 456 FRPSDUHG WR WKH GHVLJQ
flow depicts an increase in velocity magnitude of 45.9 FRP S D U High fIWRAMGOH, G H
which is the outlet location, surge condition depicts a decrease in velocity magnitude of 43.3
compared to the BEP, while choke condition depicts a velocity magnitude increase of 44.2

compared to the BERverall, this quantifies theelocity magnitude variation across each cross
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section around the centrifugal compressor volute as a function of flow rates and how the off

design conditions vary against the design condition at high operating speed.

—=@—Surge =—@=—BEP Choke
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Figure 4.20 Velocity Magnitude across each cresaction around the Compressor Volute dgrthe operating
speed of 98.2rp¥ .

Figure4.21is agraphicalrepresentation depictinpe asymmetric ratio of velocity magnitude

along the radialdirection of the profiles around the centrifugal compressor volitethe
operating speed of 98&/¥ .. It can be seen there are significant asymmetry occurring in flow
velocity magnitude toward the inner curve. For low flow and design flow conditi@hscity
magnitude along the radidlrectiondepicts asymmetry towards the inner curve affb8owed

by asymmetry towards the outer curve atf4brom 90 f flow velocity magnitude display
asymmety towards the inner curveo 270 f. At 315 f, velocity magnisifle the low flow

condition isasymmetric towards the outer cuywehile remaining towards the inner curve foe

design flowcondition. At 345 f, velocity magnitude at low floandition exhibits asymmetry

towards the inner curvand continues to remaiat design flow At 390fand 393 f ORZ IORZ
conditionremains asymmetric towards the inner curve, whevebzcity magnitude at design

flow depicts DV\PPHWU\ WRZDUGV WKH R XWahdWeBighUldWHcorklifibons f OF
identify asymmetryof velocity magnitudes towards the outer curve tvdards the inner curye
respectively For the high flow condition, flow velocity magnitude along the radilection

depicts asymmetry towards the inner curve from tt6F45 f 7 K H Uu¢IDdity idagnitude

depicts asymmetry towards the outer cudrk Z Q VW U H DCReRl at high operatingosed,

it is observed that flow rate has a significant influence on the imbalance of velocity magnitude
along the radial directionf the crosssection profiles inside the centrifugal compressor volute
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due to the effects of frictioMore detailed graphical representations are depicted in APPENDIX
2.

Low Flow Design Flow

Figure 4.21 Asymmetric Ratio of Velocity Magnitude along the Raldiedction onthe Profiles around the
Centrifugal Compressor Volute ap@ratingeed of USV ¥. Guring Low Flow Rate, Design Flow Rate and
High Flow Rate

Figure4.22is agraphicalrepresentation depictinpe asymmetric ratio of velocity magnitude

along the axial directionof the profiles around the centrifugal compressor vatitée operating

speed of 98.2rp¥ .. It can be seen that velocity magnitude alongakial directionon the

profiles through the volute is significantly asymmetric atiglesnd offdesign conditions. For

thelow flow condition & 15 f, flow velocity magnitude along the agia¢ctionis symmetric. At

45 f, flow velocity magnitude is asymmetric towards the rear face pdmptayingasymmetry

towards the front face at 9@md 135 f. At 180ffow velocity magnitude depistasymmetry

towards the rear facdhen identifies symmetryt&25 fAt 270f I1ORZ YHORFLW\ PD.
displays asymmetrytowards the rear fac&llowed by asymmettyWWRZDU GV WKH IURQW |11
DQG F®P.RZ YHORFLW\ PDa&bw ArimdryVtowards the rear face, which
remainsat f-$W f TORZ YHORFLW)\ P D JdpdciéndspiayBeSyirm@etryV KH D |
towards the front facd-or the design flow conditionU R P f WR Ipcity MayAtude

along theaxial directionis seen to be asymmetric towards the rear face, prior being asymmetric
WRZDUGYVY WKH IURQW IDFH IURP f WR opserdssymmetryOR Z Y I
towards the rear face and then towards the fidbt-H D W f floy/Welocityf magnitude

exhibits asymmetry towards the rear face, which UHPDLQV DW f $wW f |

magnitudealong the axial directions asymmetic towards the front faceFor the high flow
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condition at 15 f D Q Gflow fyelocity magnitude along the axidirection is seen to be
asymmetric towards the rear face, prior to displagagmmetryWRZDUGV WKH IURQW I/
From fWR f, flow velocity magnitude digghaysnetry towards the rear face, followed

by sight DV\PPHWU\ WRZDUGV W K BowhsRe@riVfrdd F H ,aBywimetryjs
exhibitedtowards the rear face, prior to achieviygnmetric flow velocity magnitude along the

axial direction DW Ovgrall at high operating speed, it is observed fleat rate has a
significant influence on the imbalance of velocity magnitude along the axial dirextitre
crosssection profiles inside the centrifugal compressor volute dukidiional effects It is

noticed that as the flow rate increases, themasgtry of velocity magnitude along the axial

direction decreases. More detailed graphical representations are depicted in APPENDIX 2

Low Flow Design Flow

Figure 4.22 Asymmetric Ratio of Velocity Magnitude along the ARiatction onthe Profiles around the
Centrifugal Compressor Volute ap@ratingpeed of USV ¥. Guring Low Flow Rate, Design Flow Rate and
High Flow Rate

4.10 Local Speed Comparison of Velocity Magnitudearound the Centrifugal
Compressor Volute during Steady Conditions

Table 4.4 depicts thesteady response of the local speed comparisbere the high operating

speed of 98.2rp¥ . is compared against the low operating espef U S fok velocity

magnitude across each of the selected eseston through the turbocharger compressor volute.

It can be seen that velocity magnitude at 98.2¢fpsincreases at design and -ofsign

conditions compared to that at 58.9s/ $VLGH IURP WKDW GHS\ebtitHG DW

magnitudeincrease through the volute occurs at design flow conditions, while highest velocity
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magnitudeincrease through the volute occurs at low flow conditions. For low flow, highest
velocity magnitude DULDWLRQ LV IRXQG &Mtity magniuddadiadio®iR alhy W

DW f $W GHVLJQelbCitR hagitudeDMVMW DWLRQ LV IRXQG DW f
velocity magnitudeYDULDWLRQ LV IRXQG DW WKH H[LW FRQH EHLQ.
velocity magnitudeY DULDWLRQ LV IR XQ Gve¥ity mggniitetafatiorORfauiAd/ W

DW f

Table4.4 Local Speed Comparison of Velocity MagnitMdgiation during Steady Response

9HORFLW\ ODJQLW)
f Low Flow Design Flow High Flow
15 56.3 86.9 4.3
45 40.7 65.8 66.9
90 51.1 56.6 53.6
135 43.6 47.1 50.5
180 45.0 38.8 45.8
225 59.0 39.7 43.2
270 87.4 37.2 41.7
315 124.8 354 39.7
345 117.1 33.7 41.5
390 108.8 28.5 37.7
393 106.2 29.3 34.0
400 116.6 30.3 37.5

4.11 Global Static Temperature Distribution around the Centrifugal Compressor

during Steady Conditions
According to the gas law, behaviour of temperature is directly proportional to behaviour of
pressurgehence as the ambient air enters the compressor stage through the inducer, temperature
is relatively low. This low temperature decreases even further when the fluidtbetargeller
As the energy imparts into the fluid and flows radially outwards simultaneous with some
occurrence of diffusion, temperatureas towards the trailing edgs the centrifugal forces in
the impeller push the fluid particles into the diffuser. As the flow is squeezed into the diffuser,
temperatureontinues to increase due ¢compressibility and diffusion. Athe fluid is collected
in the voluteand directed towards the outl&émperature increases even further since the volute

behaves as a conical diffuser.
Figure4.23in the top row, depictstatic temperature variation in the turbocharger compressor

stage duringhe operating speed of 58.9rps/at (a) BEP (b) choke (c) surg@bserving (a),
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which is the turbocharger compressor stage operation at design floamdient air flows into

the compressor stage through the inducer at a static temperature ofFR288Khere, there is

0.1 GHFUH DV Herhperavt®mhev lthe fluid enters the impeller. When air particles pass
through the impeller passages and exits into the diffuser, static teorpeiiaés by8.9 $1WHU
compressibility and diffusion have taken place in the diffuser, static temperature continues to
increase by 3.4 Once the flow has been collected in the volute and kinetic energy in the flow
has been converted into potential energy, the findkcdmperatire increases at the outlet by

1.7

Viewing the operating speed of 5858/¥ . at (b), which is the turbocharger compressor stage
operation at high flow rate, the ambient inflow also enters the inducer at a static temperature of
288K. When flud reaches the exit of the inducer and enters the impeller, there is a fall in static
temperaturdy 0.7  After the ambient air has passed through the impeller, changing the fluid
properties, static temperatuiecreases by 4.9 $IWHU | XUWKH fuidDgoperiesl QJ W k
through the diffuser passage, static temperatureases by an additional 4.7 SULRU WR HQV
the volute. When the fluid reachd®s outlet, the results show an increase in static temperature

by 13

Inspectingthe operating speed of 58.9rs/at (c), which is the turbocharger compressor stage
operation at low flow rate, incoming flow of the ambient air also exhibits 28Blstatic
temperature. This statiemperaturancreases by 56 ZKHQ WKH IOXLG UHDFKHYV
impeller. By the time, the fluid is energised, static temperdiasincreased by 13.2DW WKH
diffuser inlet. From here, post compressibility and diffusion, a further increa838byLQ VWDWLF
temperaturehas incurred. After the kinetic energy has converted into potential emeriye

volute the compressed fluid leaves the stage witha 1.2 JUH D W Htempekatuke. LQ VWD WL

It can been seen from the results that by the end of each station, there are variations between the
design and offlesign conditions. Reviewing static temperatuegiations under the choke
condition against the BEP, there is 0.decrease at the end of the inducer; 46 GHFUHDVH D\
end of the impeller; 3.3 GHFUHDVH Dtie diffkser; sh@@ @ REHFUHDVH DW WKH H
volute. Reviewing statitemperaturevariations under the surge condition against the BEP, there

is5.7 LQFUHDVH DW WKH1IH Q& RU MDKHH LONG X\FKHHHU F6Q G RA WHIDW HL P
at the end of the diffuser;and88 LQFUHDVH DW WKH HQG RI WKH YROXW

The results also show the variations through each station between the design-desigoff

conditions. Reviewing static temperatwariations under the choke condition against the BEP,
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thereis 87.2 LQFUHDVH WKURX3.R VEKH UHDG PHF WK UR X244 WKH LP
increase through the diffuser; and 38.1decrease through the volute. Reviewing static
temperaturevariations under the surge condition against the BEP, there is 6168.9 G H Frease
through the inducer; 55.8 LQFUHDVH WKURXJKCGMWHKUHHDR SHWRBRXJIK WK
DQG cre@sd through the volute.

Figure 4.23 in the bottom row, depictstatic temperature variation in the turbocharger
compressor stage during the operating speed of 98¥2rm/ (a) BEP (b) choke (c) surge.
Observing (a), which is the turbocharger compressor stage operation at design flamloatat

air flows is drawn nto the compressor stage \ttze inducer at a static temperature of 288K

JURP KHUH VWDWLF WHPSHUDWXUH GHFUHDVHV E\ ZKH
paticles pass through the impeller passages and exits into the diffuser, static temperature
LQFUHDYVHYV PBst the apparition of compressibility and diffusion in the diffuser, static
temperature continues to rige\ 'KHQ IORZ KDV ibkheE @lkeRaDdkihétd/ H G
HQHUJ\ LQ WKH IORZ KDV EHHQ FRQYHUWHG LQWR SRWHQW
static temperature at the outlet.

Viewing the operating speed of 983/¥ . at (b), which is the turbocharger compressor stage
operatio at high flow rate, ambient inflow enters the inducer at a static temperature of 288K.
When fluid reaches the exit of the inducer and enters the impeller, static temperature decreases
E\ $IWHU WKH IOXLG KDV S hyctiah@ndlskotdpeXidKasvd Kesultd? SH O O
HQHUJ\ FRQYHUVLRQ VWDWLF WHPSHUDWXUH LQFUHDVHYV
properties through the diffuser passage as a result of compressibility and diffusion, static
WHPSHUDWXUH LQFUH DYV Hid t& enfeighg Bhée GLluwy. WheénDte@ fluid r8aches

WKH RXWOHW WKH UHVXOWY VKRZ DQ LQFUHDVH LQ VWDWL|

Inspectingthe operating speed of 98.2r§s/at (c), which is the turbocharger compressor stage
operation at low flow rate, incoming flow of the ambient air also exhibits 288K of static
WHPSHUDWXUH 6WDWLF WHPSHUDWXUH LQFUHDVHV E\ z
WKH LQOHW RI WKH LPSHOOHU $IWHU HQHUJLVLQJ WKH IOX
WKH GLIIXVHU LQOHW )URP KHUH SRVW FRPSUHVVLELOLW\
static temperature has incurred. After the kinetic energy has converted into potential energy in
WKH YROXWH WKH FRPSUHVVHG I|¢eateGis®in fati¢ctempeéndtdrey W D J H

It can beseen from the results that by the end of each station, there are variations between the

design and offlesign conditions. Reviewing static temperature variations under the choke
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condition against the BEP, thidr LV GHFUHDVH DW WKH HQG RI WKH L
WKH HQG RI WKH LPSHOOHU GHFUHDVH DW WKH HQG RI
the volute. Reviewing static temperature variations under the surge condition against the BEP
WKHUH LV LQFUHDVH DW WKH HQG RI WKH LQGXFHU
LQFUHDVH DW WKH HQG RI WKH GLIIXVHU DQG LQFUHDVH

The results also show the variations through each station between the dekigfi-design

conditions. Reviewing static temperature variations under the choke condition against the BEP,

WKHUH LV LQFUHDVH WKURXJK WKH LQGXFHU GH

LQFUHDVH WKURXJK WKH GLIIXVHUtheD/WQGe. Reviewindd Btatid DV H

WHPSHUDWXUH YDULDWLRQV XQGHU WKH VXUJH FRQGLWLR

WKURXJK WKH LQGXFHU LQFUHDVH WKURXJK WKH LPSH(
LQFUHDVH WKURXJK WKH YROXWH

Table4.5details the speed comparison of static temperature variation at 9& 2gushpared to

that at 58.9rps¥ .. It can be seen at low flow rate, highest static teatpeg variation at the inlet

and the outlet occurs in the volute, where the turbocharger compressor stage operating at
98.2rpsk . increases compared to that at 58.9¥ds/ There are no static lowest static
temperature variations at the inlet of the impetiad the lowest static temperature variation at

the outlet occurs in the inducer, where the operating condition 98¥2rpséreases slightly
compared to that at 58.9rp&l. At the design flow rate, highest static temperature variation at
the inlet and th outlet occurs in the volute, where the turbocharger compressor stage operating at
98.2rpsk¥ . increases substantially compared to that atrp8(¥ .. The lowest static temperature
variation at the inlet and outlet occurs in the inducer, where the operating condition 98.2rps/
decreases slightly compared to that at 58.9%ps/At the high flow rate, highest static
temperature variation at the inlet and the outlet occurs in the volute, where the turbocharger
compressor stage operating at 98.2¥psihcreases compared to that at 58.9¥s/The lowest

static temperature variation at the inlet occurs in the inducer depicting a decrease at high speed
compared to low speed. At the outlet, lowest static temperature variation occurs in the impeller,

where the operating condition 98.2rfgs/increases compared to that at 58.9¥ps/
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Table4.5 Global Speed Comparison of Static Temperature Variation

Figure 4.23 Static Temperature Variation in the Turbocharger Compressor Stage during the operating speed of
58.9rps/¥ . at (a) BEP (b) choke (c) surge
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Figure 4.24 depictsstatic temperature variations through each station in the compressor stage
GXULQJ WKH RSHUDWLQJ VSHHG RI D underSl¥sign abdpé E
design conditionsOverall, it is clear that static temperature variation through each component is
much higherat98.2USV ¥. WKDQ DW 589USV ¥.

Figure 4.24 (a) represents the variation ofasit temperature through each station in the
compressor stage during the operating speed of 58¥rpshder design and offesign
conditions Through the inducerduring the surge condition, static temperature varies
considerably compared to during the BEP and choke condition. There is a verystight
temperature fall at BEBnd little greatefall in the inducer during the choke condition. Frtma
impeller, static temperature risder all three conditions. Through the impeller, all three
conditions varysignificartly. It is noticed thas mass flow rate increases, static temperature
variation through the impeller decreases. Vice versa trend is depitttesligh the diffuser.
Though,there is little difference during the BEP and surge conditibhsough the volute, there

is little difference the static temperature variation between the surge and choke conditions,

however at BEP, static temperature varies the most.

Figure 4.24 (b) represents the variation of static temperature through each station in the
compressor stage during the operating speed of 98¥rpshder design and offesign
conditions It can be seen that static temperature variantleeaénd of the inducer riseshile

that at BEP and choke conditions, depicts a fall in static temperdteee are substantial
variances in all three conditions through the impeller. Static temperature increases the most
during the surge condition, followed by BEP, whereas variations during the choke condition are
comparatively lower. Through thdiffuser, static temperature varies significantly from the
impeller. Static temperature during surge condition and at BEP are very similar however
variance have greatly reduced, whereas, variations during the choke condition has significantly
increasedhrough the diffusefrom the impellerStatic temperature variances through the volute

has reduced further and this appears to decrease as the mass flow rate decreases.
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Figure 4.24 Static Temperature difference at the inlet and outlet of each component in the turbocharger compressor
stage during (a) U S V(b¥98.2rps/f¥ .

4.12 Local Static Temperature Distribution around the Centrifugal Compressor

Volute at Low Operating Speedduring Steady Conditions
Figure 4.25 depictsstatic temperaturdistribution through the turbocharger compressor volute
during the operating speed of 58.9 U &W/(a¥ BEP (b) chke (c) surge. Twelve crosections
through the volute channel have been presented from the firstserctesn of the scroll situated

above the tongue, through to the outlet of the compressor stage.

It can be seen that static temperature uniformitgliseaed through the centrifugal compressor

volute for the design flow and high flow rate, while low flow rate is almost uniform in static
temperature. It is clear that static temperature is the highest through the volute during the surge
condition and stat temperature is the lowest through the volute during the choke condition.
Static temperature is expected to be higher at the walls due to the frictional effects taking place
between the fluid and the wall. Observing (a), which is the volute operation at design flow rate at
58.9rpsk¥ ., it can be seen minimal and very slight static temperature variance occurs throughout
the volute. $W f tspg@aniatstribution is 328K, which is 0 OHVV WKDQ WKF
temperatire exhibited at the outlet. Thei® a very slight decrease itaic temperature at the

volute inlet and at the wall against the rear face towards the outer che. f VWDWL
temperatre deFUHDVHY ITURP WKDW 03H SR & HCH (BRART téi ididire
distribution is 0.9 less compared to the outl&light decrease in static temperature is exhibited

from the volute inlet along the rear face as well as from the outer curve near the front face
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towards the overhang. $W  f WHRPBWUBWXUH GHFUHDVhW LBUWKMWY E\
statictemperatire incurring than that at the outlebwer static temperature is seen to manifest
across this crossection from the rear face towards the front fagaV [ Yeuperaturé
increases by 0 D QG HI[KIL EQ W\ tampetatre than that depicted at the outlet. The
propagated region of slightly less static temperature has reduced in its distribution across the
crosssection. This slight decrease is depictesin the volute inlet along the rear face and
towards thecentral of the crossection near the outer curve. Additionally, another area of slight
decrease in static temperature is distributed from the central of thesext&® to the wall of the
overhang. $W [ \tempekstureincreasesfurther by 0.2 TKLV LV OHVV VW
temperature compared to that at the outBttatic temperature distribution is similar to the
previously discussed craesectionhowever;the slight decrease in static temperature has reduced

in its distribution across this cressction. $ W f ‘eWperaturdéncreases by O DQG
hence, is 0.8 O H V MenparBtWietompared to that at the outldthere are small areas from

the volute inlet along the rear face, front face near the overhang and near the overhang in the
cental region which display slightly decreased static temperat$&&V/ [ Yeuperaturé
increasedurtherby UHVXOWLQUHVQ t&dpddaidiebmpared to that at the outlet.
Slightdecrease in static temperaturdlisplayed along the reéace and near the overhang in the
central region of the crosgection. $ W thfere is no change in statiemperature from the
previously described crosection,hence0 O H V Viemmpetuderains to exist compared

to that at the outleStatc temperature distribution appears to be the same, if not similar to has
previously describedAt the cutoff location, static WHPSHUDWXUH GHFUHDVHV E\
less static temperatureompared to the outlet. Distribution ofecreased static temperature
regions have propagated from the volute inlet along the rear face and from the central region
towards the front face of the profilat the exit cone, static temperaturereases by 0.7 DQG
HIKLELWYV tEnhpstratirecuvipatéd ko that at the outlet. Static temperature appears
constant here displaying uniformitt the discharge duct, static temperatinareases by 0.2

DQG H[KLELWYV temp@érativaonvpdrda\to litfat at the outlet. Similar to the previou

profile, static temperature appears constant here displaying uniformity. At the outlet, static
temperature LQFUHDVHYV E\ DQG GHSLFWV XQLIRUP VWDWLF tenr

Viewing (b), which is the volute operation at high flow rate at 58.%psghows lower tatic
temperature to that at BEP withinimal and very slight static temperature variance occurring
throughout the volute$W f VWDWLF WHPSHUDWXUH GLYvditHae XWLRQ
the static temperature exhibited at the outlet. Slightliadrigtatic temperature is exhibited in the
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central region of the profile into the overhang with lower static temperature emerging from the
volute inletand between the volute inlet and overhaigy f VW D W L irchéakeR 8diU D W X U
WKDW GHSLFWXRG DM KHEFH WKH VWDWLF WHBP $EHE DWXUH
compared to the outleThe slightly higher static temperature from the previously discussed
profile appears to have reduced in its distribution, whileslightly lower static temperature

from the previously discussed profile appears to have propagated. $W f VWDWLF W
decreasev®y 0.6 UHVXOWLQOHMY VWDWLF WHPSHUDWXUH LQFXUU
Slightly lower static temperaturérom the previously discussed profile appears to have
manifested even more across this profile. $W frempevdtiore/ defeases by 0.4 DQG
exhibits0.5 OHVV VWDWLF WHPSHUDWXUH WHighQy ldwerDstdticGH SLF\
temperature amars to emerge from the lower sector inside the manifested low static temperature
depicted in the previous profile. $W f VWD WdetredSds ByYSGHU D WKIWLUBEE LV

less static temperature compared to that at the outlet. From the previoles grefiow static
temperature appears to have propagated across the lower of the profile. $W f VW
temperaturaelecreases by. DQG KHQFBHVYV VWDWLF WHPSHUDWXUH FF
outlet. Slight decrease in static temperature is emgr@n the lower sector of the profilaside

the previously mentioned low static temperature region. Further to this, increase in static
temperature is also se@wards the outer curves W f VWDWL gecif¥asds dHAI D W X U H
resulting in 1.3 O Wt&tid temperature compared to that at the outlet. Slight decrease in static
temperature emerging in the lower sector from the previous profile has propagated in this cross
section, also showing slight increase in static temperature towards the outerfWve. static
temperature decreases b§0.DQG KHDRFHOHVYYVY VWDWLF WHPSHUDWXUH FI
outlet. Slight decrease in static temperatugghibited in the lower sector from the previous

profile has manifested even more across this proéifgain, depicting an increase in static
temperature towards the outer curgd the cutoff location, static temperature decreases by

0.9 KD Y2® J G#lstatic temperature compared to the outlet. Slight decrease in static
temperature is exhibited in the lower sector from the previous pegpears to have decreased

further. At the exit cone, static temperature increases by 1.6 D Q G 1H [ KQ BstaMtV
temperature compared to that at the outlet. Slightly lower static temperature emerges from the
central region and propagates across the profile. At the discharge duct, static temperature
increDVHV E\ DQG H[KLELWYV O Hpaked YoNtHaAaL the WUHER.SH U D'
Slightly lower static temperature is depicted from the rear face and manifests across the profile
towards the front faceAt the outlet, statitemperaturencreases by 0.4 DQG GHSLFWV XQL
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static temperaturewith a small distribution of slightly lower static temperature in the central

region of the profile near the front face

Inspecting (c), which is the volute operation at low flow rate at 58.8rp&/, shows higher

static temperature to that at BEP with uniform static temperature downstream the discharge duct.
$W f VWDWLF WHP S H3IZ@XywkidHs G L feastharEtkastatic Qenhpérature
exhibited at the outlet.ower static temperature is seen to emerge from the volute inlet, which
increases as it propagates into the ceasgion. $ W f  VWDW L incidaddd &ohutbadv X U H
GHSLFWHGODWDQEHE KHQFH WKH VWDWLF WH ReSdtahipaved tbH GLVV
the outlet Lower static temperature is exhibited from the volute inlet along the reatolsaeds

the outer curve of the profile. Higher static temperature appears to emerge between the volute
inlet and the overhang, which is distributed into the esassion. $ W fYeWwdenaturd
increasedy 02 UHYV XOXNL QQHINY tampebatre ihcurring than that at the outlet. The

lower static temperature region appears to have reduced in its distribution, while the region of
higher static temperature has manifested in the central region of the profile. $W f VW
temperaturencreases by 0.7 DQG HIKXLPHWYV VWDWLF WHPSHUDWXUH WK
outlet. Small regions of slightly higher static temperature appeamerge from the volute inlet

towards the rear face and near the outer curve central in the profile. $W f VWDWLF W
increasesby 0.5 ZKLFK LV 09 OHVV VWDWLF WHPSHUDWXUH FRPS
region of slightly higher static temperature previously exhibited to emerge from the volute inlet
appears to have manifested asrdhe profile with a small region of high static temperature
emerges inside this at the volute inlet. $W f VWD Whtreasasth? GHD Q @&/ XUHHK F H
is0.5 OHVV VWDWLF WHPSHUDWXUH HgRBairUdinBerstURe avtkéd W DV
volute inlet appears to have increased in its distribution along the rear face of the Atofile.

f VWDWLF iwidedss&stHy @ WIXHMX OWML QQIHVY VWDWLF WHPSHUDW >
that at the outlet. Static temperature appears to be almaostsiamt; however, high static
temperature is exhibitedlong the outer curve towards the rear face, which increases in its
distribution towards the centre of the profile. $ W stati¢f temperaturancreases by 0.1 DQG
hence, is 0.3 OHVV VW D¢ Lcbmerdd t8 HhdtDat the outlétgain, higher static
temperature emerges from the inflow. In addition to this, higher static temperature from the
previously discussed crossction appears to have moved to the outer curve towards front face
and has increased its distribution towards the central of the pwsfitae cutoff location, there
is no change in static temperatimence0.3 OHVYV VW D W bémamsite SxistucDriipa¢edH
to the outlet. Higher static temperature region at the inflow appears to have propagated along the
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rear face, while the higher static temperature region previously discussed appears to have moved
to the front face and has elongated its distribution. At the exit cotie, tefaperature increases

by02 DQG H[KLEOWVYV VWDWLF WHPSHUDWXUHItERPBSdR2ENHG WR
lower static temperature is localised at the upper sector of the profile near the readfateng

the periphery at the outer walhichhas reduced in its distribution from the previous profle.

small area of igher static temperature along the msittion of the peripherng depicted at the

rear face At the discharge duct, there is no change in statigperature hence 0.1 0 $itatic
temperatureremains to exist compared to the outl&tmost uniform static temperatures

depicted here with a small distribution of slightly lower static temperature in the upper sector of
the profile near the rear face, which has reduced from the previous.prfoiee is also a trim of

higher static temperature along the ra&ttion of the peripherg depicted at the rear fae®d is

reduced from the previolysdiscussegrofile. At the outlet, statitemperature increases by 0.1

and depicts uniform static temperature across this profile

Overall at low operating speed of the centrifugal compressor, it can be seen that static
temperature increases from choke to surge in the volute, as expected. The choke condition
exhibits static temperature decrease downstream towards theoftubcation, before to
LQFUHDVLQJ WRZDUGY WKH RXWOHW $W %(3 WKHUH LV D
increasing downstream towards the outlet. The surge condition depicts a lineaeintr&asic

temperature from the first profile downstream towards the outlet.
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Figure 4.25 StaticTemperatre around the Compressor Volute during the operating speed of asv ¥.
(a) BEP (b) choke (c) surge
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Figure 4.26 depicts the variation of static temperat@eross each crosection around the
centrifugal compressor volute during the operating speed of dt3ow How rate, being

near the surge condition; design flow rate, being the best efficiency point; and high flow rate,
being near the choke cotidn. This section is carried out in order to understand how the low

and how the high flow rates near extreme phenomena differ in static tempé&@tutee design

flow rate. It is clear that the low flow showgher static temperatutkan the designadw, while

high flow shows lower static temperatutiean the design flow throughout the centrifugal
compressor volute. At 15 f, low flow depicts an increase in static tempef&dudle FRPSDUHG

to the design flow, while high flow depicts a static tempeeadecrease .9 FRPSDUHG WR W
design flow. At 45 f, surge condition depicts a static tempermatuease of 74 FRPSDUHG W
the BEP, while choke condition depicts a decrease in static tempeobfille FRPSDUHG WR W
BEP.At 90 f, low flow depicta static temperatuiacrease of 8 FRPSDUHG WR WKH GH
while high flow depicts a decrease in static temperastt@ee4 FRPSDUHG WR WAAH GHVL
135 f, surge condition depicts an increase in static tempes®Bire FRPSDUHG WR WKH
while choke condition depicts a static temperatileerease of 3 FRPSDUHG WR WKH ¢
180 f, low flow depicts an increase in static temperafB® FRPSDUHG WR WKH GH\
while high flow depicts a static temperatutecrease of 3.5 F R P S®tdeHdesigu flow. At

225 f, surge condition depicts a static temperatarease of 9.1 FRPSDUHG WR WKH % (
choke condition depicts a decrease in static temperatld® FRPSDUHG WAR2WKH % (3
low flow depicts a static temperaturerease 08.3 FRPSDUHG WR WKH GHVLJQ IC(
flow depicts a decrease in static temperanfrd.2 FRPSDUHG WR WRKiHBI&EHVLIQ |
surge condition depicts an increase in static temperaftded FRPSDUHG WR WKH % (:
choke condibn depicts a static temperatutecrease of 47 FRPSDUHG WR WKH % (3
which is the cubff location, low flow depicts an increase in statemperatureof 9.6

compared to the design flow, while high flow depicts a static temperdamease of 5.4

compared to the design flow. At 390 f, which is the exit cone location, surge condition depicts a
static temperatureincrease of 991 FRPSDUHG WR WKH %(3 ZKLOH FKRNH
decrease in static temperatae4.5 FRPSDUHG WAMR 308K Hwiteli 3s the discharge

duct location, low flow depicts a static temperatumerease of 88 FRPSDUHG WR WKH ¢
flow, while high flow depicts a decrease in static temperadiré FRPSDUHG WR WKH
flow. At 400 f, which is the outlet location, surge condition depicts an increase in static
temperatureof 88 FRPSDUHG WR WKH % (3 ZKLOH FKtempdratRQGL WL
decrease of 3.7 FRPSDUHG WQ@vewllK tHis%guahtifies the static temperature variation
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across each crosecton around the centrifugal compressor volute as a function of flow rates

and how the offdesign conditions vary against the design condition at low operating. speed
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Figure 4.26 Static Temperature across each crgsstion around the Compressor Volute during the operating
speed of 581ps/¥ .

Figure 4.27 is a graphicakepresentation depictinthe asymmetric ratio of static temperature

along the radialdirection of the profiles around the centrifugal compressor volitethe

operating speed of 58.9rp6/l. When the asymmetric ratio is at 1, the static temperature in the

flow is symmetric. When thesgmmetric ratio is less than 1, static temperature in the flow is
asymmetric towards the outer curve. When the asymmetric ratio is more than 1, static
temperature in the flow is asymmetric towards the inner curve. It can be seen that static
temperature atll flow conditions through the centrifugal compressor volute predominantly
depicts slight asymmetry. At low flow, which mearthe surge condition, asymmetoy static
temperaturas depictedalong the radiatlirectiontowards the inner curve at 15 f. At45f VWDW|
temperature in the flomchievessymmety along the radiatlirection 'RZQVWUHDP IURP
345f VWDWLF WHPSHUDWXUH LV VOLJKWO\ DWPRIBWULF WR
symmetrc static temperature is achievad the flow along he radial direction prior to
presentingalmost symmetric static temperatuleW At fdesign flow, which is the BEP, there
areslightasymmetriesn static temperature in the flow along the radiaéction | U R P f WR f
towards the inner curve. From f WR f VWDWLF WHPSHUDWXUH LQ Wi
towards the outer curvélight asymmetries of static temperature towards the inner euweve
GLVSOD\HG DW f I ROOR Z it Gtatic\teimpefdiuieY G Q Z QM WRHHWEB IURP
At high flow, which is neathe choke condition, slight asymmetrystétic temperature along the
radialdirectionis exhibitedtowards the outer curve D W f W f VWDWLF WHPSF
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achievesymmety, prior to exhibitingasymmetrytowards the outer curve at  f, which remains
downstreamW R  Static temperature in the flow de@etsymmetryalong the radial direction
towards the inner curve at 390dflowed byachievingsymmetrya W f D Q ®veralf at

low operating speedt is seen that flow rate has a little influence on the imbalance of static
temperature along the radial directiaf the crosssection profiles inside the centrifugal

compressor volute. More detailed graphical representations are depidfeBENDIX 2

Low Flow Design Flow

Figure 4.27 Asymmetric Ratio of Static Temperatateng the RadiaDirection onthe Profiles around the
Centrifugal Compressor Volute ap@ratingpeed of USV ¥. Guring Low Flow Rate, Design Flow Rate and
High Flow Rate

Figure 4.28 is a graphicakepresentation depictinthe asymmetric ratio of static temperature

along the axiatlirectionof the profiles around the centrifugal compressor vatitée operating

speed of 58.9rp¥ .. It can be seen that for all flow conditions, static temperature aloraxidle

direction behave in a similar manner through the centrifugal compressor volute. For low flow
nearthe surge condition, static temperature in the flow is asymmetvards the front face from

15 fto 90 f. Thereafter, static temperature in the flow is slightly asymmetric towards the rear face

at 135 fprior to depicting symmetristatic temperature in the flow at 180Slight asymmetry

towards the rear face is exhibited at 225f ZKLFK UHPDLQV DW f JURP KFE
temperature along the axial direction is achieve®l& fand a W f. Slagymmetryis

presented towards the rear face at B90S UL R U W &mBsF3¢mireiric Qtdtic temperature in

the lORZ DW f adiy@e axiftlirection For design flow at the BEP, symmetric static
WHPSHUDWXUH LV H[KLELWHG Laywretrisld@ldedxdwards thebrdar [V
face, prior to depicting slight asymmetry towards the frontfa® W f DOW f VWDWL
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temperature is almost symmetric, prior to presenting symmetric static temperature along the axial
GLUHFWLRQ |URMowngtresRfrom @ f VWDWLF ¥/dthéSalgdindringst U H
symmetricwith dominance leaninglightly towards the front facé-or high flow neathe choke
condition, static temperature in the flow along the adigdctionidentifies asymmetry towards
WKH IURQW IDFHDDQW f. sttt temperature in the flow issghmostric with

dight asymmetriestowards the frontface and rear face, respectively Symmetric static
temperature in the flow along the axditectionis observed D W f, followed bglranst
symmetric static temperaturd® W f 'RZQVWUHDP |URSpmmetrfc stAtiR f
temperaturén the flow along the axial directias achieved $W slight asymmetry o$tatic
temperatureis identified towards the front face, which remains at f. $W f VWDWL
temperature in the flownce again, achievesymmetry alonghe axial direction Overall at low
operating speedt is observed that flow rate has a little influence on the imbalance of static
temperature along the axial directiaf the crosssection profiles inside the centrifugal

compressor voluteMore detailed graphical representations are depicta®@RENDIX 2

Low Flow Design Flow

Figure 4.28 Asymmetric Ratio of Static Temperature along the AXiadction onthe Profiles around the
Centrifugal Compressor Volute ap@ratingpeed of USV ¥. Guring Low Flow Rate, Design Flow Rate and
High Flow Rate
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4.13 Local Static Temperature around the Centrifugal Compressor Volute at High
Operating Speedduring Steady Conditions

Figure 4.29 depicts static temperate distribution through the turbocharger compressor volute

during the opetting speed of 98.2rp¥ . at (a) BEP (b) choke (c) surge. Twelve crsesstions

through the volute channel have been presented from the firstserctesn of the scroll situated

above the tongue, through to the outlet of the compressor stage.

It can be seen that static temparatis somewhat unifornthrough the centrifugal compressor

volute for the design flow and high flow rate, while low flow rate depicts uroferm static
temperature. It is clear that static temperature is the highest through the volute during the surge
condition and static temperature is the lowest through the volute during the choke condition.
Static temperature is expected to be higher at the walls due to the frictional effects taking place
between the fluid and the wafdbserving (a), which is the vokibperation at design flow rate at
98.2rpsk ., it can be seerthere are minimal static temperature variances. $W f VWD
WHPSHUDWXUH GLVWULEXWLRQ LV . ZKLFK LV OHVV W
outlet. Low static temperature nabe seen to be emerging from the volute inlet against the rear

face towards the centre of the cregstion. From here, static temperature appears to increases
towards the front face$ W f VWDWLF WHPSHUDWXUH GHFUBDVHYV I[UI
and hence the static temperature distribution is 2 OHVV FRPSDBSini@ar Weild WKH R
from the preious profile is exhibited here however, low static temperature region appears to
have moved from the volute inlet to the rear fadeere is also slightly higher static temperature

seen between the volute inlet and across the overhang. $W [ eMMi® Yédréase8 HP S
further by 0.3 UHVXOWLQOHWY VWDWLF WHPSHUDWXUH THgFXUULC
slightly higher region of statiemperature has reduced in its distribution to being localised only

at the volute inlet close to the overhang. $W f VWDWLF WHP SHWINXUH |
exhibits25 OHVV VWDWLF WHPSHUDWXUH MKdafc enkpbrture HS L FW
displayed at the inflow along the rear face, as well as in the overhang. $W f VWDWLF W
increases by 0.7 ZKLFK LV 8 OHVV VWDWLF WHPSHUDWhXMOW FRPSI
static temperature region at the inflow seems to have reduced in its distribution here. There is a
small region of low static temperature depicted near the overhang close to the front face of the
profile and slight higher static temperature along the outer curve near the front face. $W f
static temperaterincreases by.p DQG KHQ6FHOHVV VWDWLF WHPSHUDWXU'L
at the outlet. Slightly high static temperature along the outer curve appears to have moved from

near the front face to near the rear face. Low static temperature appears to have elongated along
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the wall of the rear face$ W f VWDWLF WHPSHUD WX UHH VY BUHINHNQI X
less static temperature compared to that at the outlet. Low static temperature is exhibited at the
volute inlet along the rear face wall with slightly higher static temperature in the central region
across the lower sector of the profile in the overhahgv f W KH U H chang®eyktaltile
temperaturédrom the previously described cressction showingl.3 OHVV VWDWLF WHP
remains to exist compared to that at the outlet. Lower static temperature remains at the volute
inlet with the slightly higher static temperature depicted in the previoolepis seen to

manifest across the rear face and along the outer Qdirtlee cutoff location, statt temperature
GHFUHDVHV7ELY LV WKH VDPH DV WKDW GHSLFWHG DW
temperature compared to the outlBtightly higher static temperature discussed previous has
propagating across this cressction with lower static temperature remaining at the inflow. At

the exit cone, static temperature increases by DQG H[KLELWYV OHVV V\
compared to thattahe outlet. Static temperature is almost uniform with slightly lower static
temperature beginning to reduce in its distribution across this préfiléhe discharge duct,

static temperature incBVHYV E\ DQG H[KLELWYV O Hered w\Ha WLF W
at the outlet. Similar to the previous cregstion, static temperature is almost uniform with

slightly lower static temperature reducing even more in its distribution across this profile. At the
outlet, static temperatuiiacreases by 0.2 and depicts almostniform statictemperaturevith

slightly lower static temperature localised in the central region of the profile

Viewing (b), which is the volute operation at high flow rate at 98.2psit can be seen there

are minimal static temperae variances. $ W f VWDWLF WHPSHXKDWHIEWUH GLV
is13 OHVV WKDQ WKH VWDWLF WHP Sltbw BtéliX teimperbfikd ELWH G
exhibited at the inflowwhich is elongating into the upper sector of the profile towards the
curvature of the outer wall. There is also a small region of low static temperature localised
between the volute inlet and the overhafdditionally, low static temperature is also depicted

along the front face of the profile with higher static temperature elongated from the centre of the
crosssection into the overharand along the wall of the rear face and outer cu8®%/ f VWDWL
temperature iFUHDVHYV IURP WKDW (@3BHSDLOW HCH @PMWH WKHBH\ VWDWLF
distribution is 1 OHVYV FRP SDUH GoWeRstiKtemperalui® seén at the inflow
elongating into the central upper sector of the profile and a small region between the volute inlet
and overhang$ W [ VWa&awiekleddaseSby IUHV XOWLhgin2 OHVV VWDWL|
incurring than that at the outléirom the previously discussed profile, the low static temperature

exhibited at the inflow has reduced in its distribution, while the low static temperature region
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between the volute inlet and the overhang has manifested across ntlost pobfile leaving
higher static temperature near the rear face and along the periphery of th Wall f VWDWL
temperature deeases by 0.4 DQG HIKLEHWYV VWDWLF WHPSHWDINéeXUH W
outlet Low static temperature has manifested across the rear face of the profile with even lower
static temperatures emerging from the rear fa&tightly higher static temperature remsin the
upper sector of the profile towards the front falmag the outer curvand at the volute inlet. At

f VWDWLF WdreBsesihyD\W XDQGGHIEKLBOWHNY VWDWLF WHPSHUD'
depicted at the outleRegarding the static temperature distribution, low static temperature is
localised at th inflow. Higher static temperature in the upper sector has manifested from the
front face across towards the rear face in the upper sector. Lower static temperature region is
emerging from the low region at the central lower sector of the profile. $ Where i§,no
change in statitemperature from the previously described cisesgion, hence 25 OHVV VWDW
temperaturegemains to exist compared to that at the outletv static temperature at the inflow
remains in this crossection with a slight reduction in its distribution. From the previously
discussed profile, the small region of lower static temperature that emerged in the low region at
the central lower sectorf the profile appears to have propagat&dW f VWDWLF WHPS
decreases bp.1 UHV XO28L @QHVY VWDWLF WHPSHUDWXUHLAWRPSDUH
static temperature at the inflow as significantly reduced its distribution and low static regions are
depicted in the overhang. $W statfc temperature deeases by 0.4 with 3 OHVV VWDWIL
temperature compared to that at the oufletw static temperatureegions localised in the
overhang in the previous profile, has propagated in this sexggn.At the cutoff location,
static temperature deeases by 1.3 with4.3 OHVV VWDWLF WHPSHUDWXUH FR
outlet Predominantly dw static temperature has manifested across this profile with distinctive
higher static temperature localised at the front face as a minor distribution. In addition to this,
another distinctive higher static temperature region is seen to be piogdgam the volute
inlet towards the overhango the wall along rear face. At the exit cone, static teatpes
increases by 2.8 DQG HIRKLBHVNY VWDWLF WHPSHUDWXUHTHRRPSDUF
higher static temperature discussed in the previous -sext®n has manifested across this
profile, depicting a slightly lower static temperature in d¢batral region of the crossection.At
the discharge duct, static temperature increasdsy DQG H[KLELWV 05 OHVV VWDV
compared to that at the outlet. Almost uniform static temperature is exhibited, however slightly
higher static temperatwseareexhibited along the front face of the profile. At the outlet, static

temperature increases by 0. Q G imaiform staticemperatur@crosshe profile
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Inspecting (c), which is the volute operation at low flow rate atrp8/Z ., it can be seen there
are significant static temperature variances signifying the presence -ainiformity. $W f
statictemperature distribution is 4R5which is3.7 OHVV WKDQ WKH VWDWLF WHI
at the outletLower static temperature is exhdd at the inflow along the wall of the rear face
and towards the outer curve. This static temperature increases across profile to the wall of the
front face. $W f VWDWLFFWHP@HY DWRKR MV K Q W..35 H35Q 6 WKHHE& BDHW W K
static temprature distribution is 2.4 OHVV FRP S D U HidighNAsRtiddiderRodeM©O H W
localisedat the inflow near the overhang, whilewer static temperature regions at the inflow
along the rear face wall propagates following the outer wall curvaturedswize front face. At
f VWD @ratlre WiddeRses by 0.7UHV X OW/L QIHVY VWDWLF WHPSHUDW X
that at the outletLower static temperature is distributed across the inflow and increases in the
crosssection. Higher static temgure is displayed along the periphery of the front féde.
f VWDWLF WHPSHUBWRQOQB HQERMHOMWY ¥WDWLF WHPSHUD\
depicted at the outletower inflow static temperature remains with lower regions also exhibited
in the central region of the profile. Higher static temperature is exhibited along the overhang
wall. $W f VWDWLF WHPSHWBDWXKIH  LRQRAMOHYVHYWBWLF WHP
compared to that at the outlebwer inflow static temperature elongates along the rear face wall
and depicts a glimpse of higher static temperature emerging from between the volute inlet and
the overhang. $W f VWDWLF W HfereéthyD.BV XWEIGL R RWeH BO/HWE VW D
temperature compared to that at the outletver static temperature exhibited previously at the
inflow along the rear face has elongated towards the outer curve and is displayed as a mere
glimpse. Furthermore, a small region of higher static temperagudepicted at the inflow. At
f VWDWLF WHPSHUO.DWXHWHXOQFUEBVEWWDWLF WHPSHUDW?>
that at the outlet. The lower static temperature region previously discussed has reduced to be
distributed across a very smaliea at the volute inlet. Higher static temperature is depicted along
the rear face wall, which appears to manifest almost half way across the profile. &iatic f
temperature decreasesby 0.1 DQG RBQGHVVYWWDWLF WHPSHWADNWY XUH FI
outlet. Lower static temperature at the inflow appears to have elongated along the rear face wall
with higher static temperature exhibited along the periphery of the front face wall. At cut
location, statiF WHPSHUDW XUH Gh$i8)tHesdrmkeVasEnat depicted at BEP, having
OHVV VWDWLF WHPSHUDW Kawer ifflBviP SdiidJteinGoeistire W Khbfe R X W O
prominent at the rear face walhd higher static temperature is displayed at the periphery along
the overhang whlAt the exit cone, static temperature increase8.By DQG H[KLEQWVYV

static temperature compared to that at the outl@iver static temperature is exhibited in the
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lower sector rear face wall, while higher static temperature is exhibite@ wpier sector rear

face wall. At the discharge duct, static temperature increDVHV E\ DQG H[KLEL\
static temperature compared to that at the outlet. Static temperature behaviour here is the same as
that exhibited in the previously discussetbsssection. At the outlet, static temperature
increases by 0.1 DQG G Highbdt Wikorm statictemperaturewith slightly higher static

temperature variation occurring from the lower sector towards the upper sector of the profile

Overall at high operating speed of the centrifugal compressor, it can be seen that static
temperature increases from choke to surge in the volute, as expected. The choke condition
depicts a decrease in static temperature downstream to tb# tadation, prior to increasing
WRZDUGYV WKH RXWOHW $W %(3 VWDWLF WHPSHUDWXUH F
downstream towards the outlet. The surge condition depicts a linear increase in static

temperature from the first profile downstream towards the outlet.
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Figure 4.29 Static Temperature around the Compressor Volute during the operating speed of 98.2tps/
(a) BEP (b) choke (c) surge
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Figure 4.30 depicts the variation of static temperature across each-sgosen around the
centrifugal compressor volute during the operating speed of 98¥rps/low flow rate, being

near the surge condition; desifow rate, being the best efficiency point; and high flow rate,

being near the choke condition. This section is carried out in order to understand how the low
and how the high flow rates near extreme phenomena differ in static temperature from the design
flow rate. It is clear that the low flow shows higher static temperature than the design flow, while
high flow shows lower static temperature than the design flow throughout the centrifugal
compressor volute. At 15 f, low flow depicts an increase in static temperature FR® SDUHG

to the design flow, while high flow depicts a static temperature decredsé ofF RPSDUHG WR W
design flow. At 45 f, surge condition depicts a static temperature increase of 9.6 FRPSDUH
the BEP, while choke condition depicts a decrease in static temperature of 3.3 FRPSDUHG !
BEP.At 90 f, low flow depicts a static temperature increase of IERPSDUHG WR WKH
flow, while high flow depicts a decrease in static temperature of 4 FRPSDUHG WR Wi
flow. At 135 f, surge condition depicts an increase in static temperat8 f FRPSDUHG WR W
BEP, while choke condition depicts a static temperature decrease of 5. FRPSDUHG WR
At 180 f, low flow depicts an increase in static temperature of9.9 FRPSDUHG WR WKH
while high flow depicts a static temperature decrease of 6,1 FRPSDUHG WR WKH Gt
225 f, surge condition depicts a static temperature increase of 10 FRPSDUHGIeEWR WK
choke condition depicts a decrease in static temperature of BRPSDUHG WAR2WKH % (3
low flow depicts a static temperature increase of I0FRPSDUHG WR WKH GHVLJQ |
flow depicts a decrease in static temperature of 6.7 F R B3ieUes@n flowAt 315 f,

surge condition depicts an increase in static temperature of 101 FRPSDUHG WR WKH
choke condition depicts a static temperature decrease of 7.2 FRPSDUHG WR WKH %
which is the cubff location, low flow depicts an increase in static temperature of 10.2
compared to the design flow, while high flow depicts a static temperature decrease of 8.4
compared to the design flow. At 390 f, which is the exit cone location, surge condition depicts a
static temperater increase of 93 FRPSDUHG WR WKH %(3 ZKLOH FKRNH
decrease in static temperature of 6.6 FRP S D UH G AW3B3 iV \WHhith %6 (tBe discharge

duct location, low flow depicts a static temperature increase of FRPSDUHG WR WKH ¢
flow, while high flow depicts a decrease in static temperature of F&RPSDUHG WR WKH
flow. At 400 f, which is the outlet location, surge condition depicts an increase in static
temperature of 9 FRPSDUHG WR WKH % (3 ZKLO HtaiKtBriperateie Q GL W |
decrease of 53 FRPSDUHG WQ@vewllK tHis%guahtifies the static temperature variation
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across each crosection around the centrifugal compressor volute as a function of flow rates

and how the offlesign conditions vary agairthe design condition at high operating speed.

—=@—Surge =—@=—BEP Choke

‘/o"—‘*_*_*___ﬁ¢ﬁ—gk¢ﬂ
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Figure 4.30 Static Temperature across each crgsstion around the Compressor Volute dgrthe operating
speed of 98.2rp¥ .

Figure 4.31is a graphicakepresentation depictinthe asymmetric ratio of static temperature
along the radialdirection of the profiles around the centrifugal compressor volitethe
operating speed &8.2rpsk .. It can be seen static temperature alongakeldirectionat low

flow, which is near the surge condition, depicts asymmetric fluctuations through the volute
between the inner curve and outer curve. The trend for asymmetghdtdw, which isnearthe

choke conditionand design flow, which is the BEP, arery similarthrough the voluteFor low

flow nearthe surge condition, there is slight asymmetry in static temperature towards the outer
curveat 15f. At 45 f, static temperature in the flow depicts asymmetry towards the inner curve
prior to displayingasymmetrytowards the outer curve at 90 f. From 186 225 f, static
temperature in the flow depicts asymmetry towards the inner curve. At @fic temperature
identifies asymmetry towards the outer curve, which remair315 f Static temperature in the

flow along the radiatlirection exhibits asymmetry towards the inoervefrom 345 fo 393 fAt

400 f static temperature along the radilection observeslight asymmetrytowardsthe outer

curve. At design and high flow conditions static temperature along the radditection is
symmetricat 15f For design flow conditiontad5 f, static temperature is asymmetric towards the
inner curve Thereafter from 90t¢ 345 fstatic temperature in the flow along ttaelial direction
identifies asymmetry towards the outer curiZ®wnstream of 390 ftatic temperaturen the

flow exhibits slight asymmetrytowards the inner curve The high flow condition displays
asymmetric static temperature in the flow along the ratiralctionfrom 45f W R f WRZDUGYV
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outer curveAt390f DQG f VW D WsLaByriwiigtRcStéiwashe uhiker curve, prior to
achieving symmetry along the radial directiahW  Oyferall at high opetang speed, it has

been exhibited that flow rate has a significant influence on the imbalance of static temperature
along the radial directionf the crosssection profiles inside the centrifugal compressor volute.

More detailed graphical representations are depicted in APPENDIX 2

Low Flow Design Flow

Figure 4.31 Asymmetric Ratio of Static Temperatateng the RadiaDirection onthe Profiles around the
Centrifugal Compressor Volute ap@ratingJeed of USV ¥. Guring Low Flow Rate, Design Flow Rate and
High Flow Rate

Figure 4.32 is a graphicakepresentation depictinthe asymmetric ratio of static temperature
along the axiadlirectionof the profiles around the centrifugal compressor vatithe operating
speed of 98.2rp¥ .. At low flow, being neathe surge condition, it can be seen that static
temperature in the flow along tlagial direction is asymmetric towards the front face frony 16
180 f. At 225ghd 270 f, static temperature identifies asymmetry towardsath&ce prior to
presenting asymmetry towards the front face at f3lWwhich remaiat 345 f. Thereafter, static
temperature in the flow along the axdiftection displaysasymmetrytowards the rear facat
390f DQG f, followed bysslightety towards the front face at 40 Br design flow,
being the BEP, it is observed thabrh 15 fo 225 f, static temperature along the ahraktion
shows asymmetry towards the front face. At 2Tiefe is slight asymmetif static temperature
towards the rear facéllowed bya display of asymmetryowards the front face at 3¥5static
temperaturelepicts asymmetry towards the rear fat845 fprior to achieving symmetric static
temperature at 39falong the axial directianAt 393 fthere is a slight asymmetry in static

temperature towards the front faggor to once again, achievirgymmetric static temperature
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along the axial directioat 400 f. For high flow, being nehe choke condition, it is observed
that static temperature at 1aufd 45 fis asymmetic towards the front fagefollowed by
displaying asymmetry towards the rear face af Slight asymmetries in static temperature is
observedtowards the front face frorh35 fto 270 f.Symmetric static temperature in the flow
along theaxial direcion is achieve@t 315 f. At 345 f, static temperature in the flow prelsgmt
asymmetry towards the rear face. Thereafter, static temperature is seen to display asymmetry at
390 fowards the front face, which remai@s393 fAt 400 f, symmetric statianiperature in the
flow along the axiais achievedOverall at high operating speed, it is noticed that flow rate has a
significant influence on the imbalance of static temperature along the axial dir@fctiencross
section profiles inside the centrifugal compressor voMtae detailed graphical representations
are depicted in APPENDIX.2

Low Flow Design Flow

Figure 4.32 Asymmetric Ratio of Static Temperatafeng the AxiaDirection onthe Profiles around the
Centrifugal Compressor Volute ap@ratingpeed of USV ¥. Guring Low Flow Rate, Design Flow Rate and
High Flow Rate

4.14 Local Speed Comparison of Static Temperaturearound the Centrifugal
Compressor Volute during Steady Conditions

Table 4.6 depicts the steady response of the llepeed comparison, where the high operating

speed of 98.2rp¥ . is compared against the low operating speed of Uf& \&tafic

temperature across each of the selected -s®s$on through the turbocharger compressor

volute. It can be seen that static temperature atr@8*2. increases at design and -gisign

conditions compared to that at 58.9r6s/ 7 KH O R Z Havperatunéirk§¥ds€ through the

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 153
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER FOUR: FLOW CHARACTERISTICS INSIDE A CENTRIFUGAL
COMPRESSORVOLUTE DURING STEADY CONDITIONS

volute occurs at high flow conditions, while highest static temperatarease through the

volute occurs at low flow conditions. For all flow conditions, highest static temperature increase
occurs at the outlet, beingat4f ZKLOH ORZHVW VWDWLF WHPSHUDWXUH
flow condition f DW GHVLJQ IORZ conditon DQG f DW KLJK IORZ FF

Table4.6 Local Speed Comparison of Static TemperaWtaagation during Steady Response

6WDWLF 7THPSHUDV
f Low Flow Design Flow High Flow
15 21.2 20.5 18.8
45 22.6 20.2 18.9
90 23.3 20.2 18.5
135 230 21.1 18.4
180 22.8 21.7 18.7
225 22.8 21.8 19.0
270 23.1 220 19.2
315 22.9 220 19.2
345 22.6 220 18.7
390 22.8 22.5 20.1
393 22.9 22.6 20.7
400 22.9 22.7 20.8

4.15 Summary

This chapter has numerically investigated the steady response of the turbocharger compressor
stage and its volute using CFD techniques. This section has employeeRkfeltence Frame
techniques using CFD to investigate and thoroughly understand some of the aerodynamic flow
characteristics inside the turbocharger compressor stage and its vblatexfEnsively detailed
investigation enables one to better understand the flow mechanics and tteesesdindings
gathered from this section to provide improwsts during experimentation and during the
design process. For example, during experimentation, the presented flow structures are difficult
to capture, therefore a control section can be installed at the presented locations. During the
design process, deteining the strengths and weaknesses of flow behaviour inside the volute
can be used to set a foundation to design an improved turbocharger compressor volute to real
operating conditions. From the extensively detailed analysis carried out on the aerocdiomami
characteristics of the turbocharger compressor stage and through its volute, the findings of the

presented results are summarised:

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 154
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER FOUR: FLOW CHARACTERISTICS INSIDE A CENTRIFUGAL
COMPRESSORVOLUTE DURING STEADY CONDITIONS

X Static pressure recovery coefficient falls below 0 at low operating §@genhdicating
that there are more pressure losses taking place at the choke condition than pressure
recovery. This is a due to secondary flows causing head loss as a result of friction.

x Globally, in comparison with low operating conditions, high opegtispeeds
predominantly increases in static pressure through the inducer inlet, impeller outlet,
diffuser and volute; increases throughout for velocity magnitude; and predominantly
increases in static temperature through the impeller outlet, diffuseortd.v

x Locally, in comparison with low operating conditions, high operating speeds increases
across the crossections for static pressure, velocity magnitude and static temperature
through the turbocharger compressor volute.

X Since secondary flows are a direct cause for head loss as a result of friction, more
specifically, an imbalance between static pressure and kinetic engfgyFpr this
reason, asymmetries along the radial direchod axial directiorof the crosssection
profiles around the centrifugal compressor volute are more prominent for pressure and
velocity.

X The extent of secondary flows inside the centrifugal compressor volute is a function of

flow rate.

The conducted analyses provides sufficient knowledge the local performance indicators
offers the global performance indicators for the volute and the turbocharger compressor
stage. However, it is still unknown how these flow struguegy during unsteady operation.

For this reason, the next section explores and mgpthese presented performance indicators

during two different instances by employing the Sliding Mesh technigiungy CFD.
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CHAPTERDS
INSTANTANEOUS H. oW CHARACTERISTICS
INSIDE A CENTRIFUGAL COMPRESSORVOLUTE

This chapter numerically captures the aerodynamic flow characterddties turbocharger

compressor stage, as well as the flow structure through the volute across numerous profiles
These investigations are carried out using Sliding Mesh (SM) model witRiD Kased
techniques for simulating unsteadgsponseat two instances duringhe specified operating
speeds and their corresponding design points. The two instances are with regards to the impeller
blade position with respect to the volute tongue. A thorough understanding is gained in this
section where the strengths and weaknesses of the existing model have been identified,
correlating local performance indicators with the global performance indicators to explore the
flow behaviourduring unsteady responsgainst that during steady respan$ais includes
capturing fluid flow structures along the radial direction and axial direction of each profile,

which has been used to compute the asymmetric ratio to determine the flow field imbalance.
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5.1 Turbocharger Compressor Stage Unsteady Performance Comparison
Although the Multiple ReferenceFrame model is simple to employ and provides reasonable
approximations, it has its limitations. In order to capture the aerodynateraction of the
impeller blade withthe volute tongue, unsteady simulations aeressary using thieansient
Sliding Mesh mode]75].

Numerical investigations during steady response have been thoroughly analysed in the previous
chaper. It is now of interest to understand the unsteady response of the turbocharger compressor
stage and its volute during two different instances. The two different instances are referred as
Blade Position 1, where the impeller blade is aligned with thete@bngueshown in Figureés.1

(a), which has been taken at 18@npeller rotation; and Blade Position 2, where the impeller
blade has passed the volute tongud awther blade is approaching the tong®wn inFigure

5.1 (b), which has been taken at 225 f impeller rotation.

(@) (b)

Figure 5.1 Two instances of impeller bladéth respect to volute tongue (a) impeller blade aligned with volute
tongue (b) volute tongue between two impeller blades

Figure 5.2 depicts the performanceomparison of the experimental data and steady response
with the revolution averaged unsteady response of the turbocharger comgfegsers.2 (a)

depicts the turbocharger compressor map and Fig@r@) depicts the turbocharger compressor
isentropic efficiency magt can be seen iRigure5.2 (a) at 58.9rps¥, the revolution averaged
unsteady response is in good agreement with the steady response and experimental data. At
98.2rpsAK, totalto-total pressure ratitor the unsteady case higher than experimental and the

steady case. Figuie2 (b) appears to overestimate the isentropic efficiency of the turbocharger
compressor for the unsteady case compared to the experimental data and the steady case. This is
more significant compared to the experimental data than the steadgnzhseuld be due to

errors in the temperature values during computation.
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(a) (b)
Figure 5.2 Steady andRevolution Averagetdiurbocharger Compressor Performance Comparison of (a) Compressor
Map (b) Isentropic Efficiency Map

Table 5.1 details the results of the tota-total pressure ratiand isentropic efficiency of the
turbocharger compressor stage, experimentally and numerically during steady and unsteady
conditions. For the pressure ratio at low speed, it can be seen that the steady case and
experimental data are in good agreement. The unsteady cases are higher at high flow rate with
good agreement at design flow rate and low flow ifade.the pressure ratio at high speed, it can

be seen that the steady case is higher than the experimental data at high flow rate and unsteady
cases are even higher than the steady case. At design flow rate, pressure ratio for the steady case
is lower than the experimental, while the unsteady cases are higher. At low flow rate, pressure
ratio for the steady case is in good agreement with the experimental data, while unsteady cases
are higherFor the isentropic efficiency unsteady cases are higher throughout the flow rates at
both speeds compared to the steady case and experimental. At low speed, the steady case is
higher than the experimental at high flomdadesign flow and lower at low flow rate, while at

high speed, isentropic efficiency is higher than the experimental through all flow rates.

Table5.1 Turbocharger Compressor Performance Comparison

Figure 5.3 depicts the overall turbocharger compressor volute performance comparison of the
steady response with the revolution averaged unsteady respamse5.3 (a) depicts the static
pressure recovery through the compressor volute and FigBi®) depicts total pressure loss

through the compressor volute. It can be seen in Figud¢a) at low speed, the steady case
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identifies higher static preare recovery than the unsteady case at low flow rate; however, they
are both in good agreement at high flow rad.high flow rate, static pressure recovery
coefficient falls below 0, indicating more pressure losses incurring at the choke condition than
pressure recovery due to secondary flows causing head loss as a result of friction. For high
speed, the unsteady case has negligible variance in static pressure recovery in comparison with
the steady case through all flow ratedd is therefore in good agment It can be seen in
Figure5.3 (b) at low speediotal pressure loss at low flow rate is higher for the unsteady case
and lower at design flow, followed by Viag little variance at high flow rate. At high speed,
there is little variance in total pressure los$oav flow and design flow rate. At high flow rate,
the unsteady case depit¢ss total pressure loss through the compressor volute than that for the

steady case.

(a) (b)
Figure 5.3 Steady andRevolution Averaged Turbocharger Compressor Volute Performance Comparison of (a)
Static Pressure Recovery Coefficient (b) Total Pressure Loss Coefficient

Table 5.2 details the results of the overall turbocharger compressor volute performanbe via t
static pressure recovery and total pressure loss incurring during steady and unsteady conditions.
At low speed it can be seen that at high flow rate and low flow rate, static pressure recovery is
lower during unsteady conditions than that during steahgitions, while at design flow rate,

there appears to be no change. At high speed, there are no changes in static pressure recovery
between the steady and unsteady cases at high flow rate and low flow rate, however at design
flow rate, there appears tce thigher static pressure recovery at blade position 1 when the
impeller blade is aligned with the volute tongA¢.both speeds, it can be seen that there are no
variations in total pressure loss between the steady and unsteady cases at high flow rate and
design flow rate. At low flow rate for low speed, blade position 1 and the revolution averaged
unsteady results depict higher total pressure loss through the volute. At low flow rate for high
speed, blade position 1 degitigher total pressure loss through the volute.
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Table5.2 Turbocharger Compressor Volute Performance Comparison

Given the turbocharger compressor volute being designed to thetB&Bhapter foclessolely
on theturbocharger compress®@EP at alow operating speed of 58.9rp&! and at a high
operating speed of 98.2rp#&!.

5.2 Global Static Pressure Distribution at Two Instancesduring Unsteady
Conditions

Figure 5.4 depicts the static pressure variation in the turbocharger compressor stage during the
operating speed of USY @G U S\gukel.4 (a) depicts blade position &)so
referred as BPXwhich is when the impeller blade is aligned with the volute tongue-ande
5.4 (b) depicts blade position 2, also referred as BP2, which is when the impeller blade is passed
the tongue and another blade is approaching the tongue. At both speeds, minimal variances in
static pressure are seen betweea tlvo instances. At low speed, higher static pressure is
displayed upstream of the diffuser than at high speed. At high speed, higher static pressure is

displayed around the volute than at low speed.

58.9 (a) (b)
rps/¥ .
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98.2 (@) (b)
rps/¥ .
Figure 5.4 Static Pressure Variation in the Turbocharger Compressor Stage during the operating speed of
UsSvDQG USV ¥. DW D (& B&erPbsBienN2LWLRQ

Figure 5.5 depictsthe comparison of static pressure variations through each station in the
compressor stage between the steady conditions and unsteady conditions at low operating speed
of (a) U S Vandat high operating speed of (b) 98.2 U STWek€.is a greater static pressure
variation through each component at high speed than at low dpead. be seen that for both
speedsstatic pressure decreases throtigh inducer for all cases and increases downstiam

this. There appears to be no variance in static pressure through the inducer between the unsteady
cases and steady case. Through the impeller, unsteady cases display higher static pressure than
that displayed for the steady case. This increase appears to be more prominent at low speed than
at high speed. At low speed, there appears to be no variance in static pressure through the
compressor between the two unsteady instances, BP1 anfidd®the inducer to the diffuser

At the wlute there is negligible variance in static pressure where, BP2 is very slightly higher.
Further to this, aitic pressure variandbrough the diffuser and volute increases very slightly for
unsteady cases in comparison with the steady @ssdigh speed, there appears to be no
variance in static pressure upstream the volute between the two unsteady instances, BP1 and
BP2, however, there appears be slightly higher static pressure variance for BP1 than BP2 through
the volute Further to this, static pressure variance through the diffuser and volute increases for
unsteady cases in comparison with the steady €atails of these througtow variances for

the unsteady response at two instances against the steady response are presented in Table 5.3.
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Figure 5.5 Comparison ofteady and unsteady resporafestatic pessure difference througrachstationin the
turbocharger compressor stage XULQJ D USV ¥. E USV ¥.

Table 5.3 details the static pressure variance comparison of the unsteady response at two
instancesbeing blade position 1 and blade position 2, with the steady response at low operating
speed of USV ¥ at bighGoperating speed of U S Vhe¥ inlet static pressure
variation shows that both unsteady instances for both speeds vary the same amount against the
steady respongirough the compressofrhe highest inlet static pressure variance for unsteady
response against the steady response is at the impellaevindetthe compressor is operating at

high speed, whereas the lowest is at the eoiniet for both speedsThe outlet static pressure
variation shows that both unsteady instances for both speeds vary the same amount against the
steady response with the exception of the volute. For high speed, BP1 at the volute outlet depicts
slightly higher static pressure against the steady response thanTB&highest outlet static
pressure variance for unsteady response against the steaolyseess at the inducer outlet when

the compressor is operating at high sp@dtkereas the lowest static pressure depicts no variance

when the compressor is operating at low speed and is localised at the volute outlet.

Table5.3 Comparison of unsteadynd steady response efatic presurevariation at the inlet, outlet and through-
flow acrosseach station at low speed of U and Mgh speedof USV ¥.
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5.3 Local Static Pressure Distribution at Low Speed during Unsteady
Conditions
Figure 5.6depicts the static pressure around the compressor volute during the operatingf speed
U S Vat¥a) dade position 1, where the impeller blade is aligned with the volute tongue and

(b) blade position 2, where the impeller blade has passed the volute tongue and another impeller
blade is approaching the voluiengue. It can be seen that both instarsteow the same static
pressure trends across the volute and its €sesBonsLower staic pressure is exhibited at the
periphery of the volute inlet, which increases towards the outer curve as well as downstream to
the outlet. At15f ORZHU VWDWLF SUHYVV XU hioteVovaldy heUrbrE g HG | U |
and manifestacross towats the outer curve.igher static pressure emerges from the inlet along
WKH UHDU IDFH DQG SURSDJDWHV WRZDUGV WKH RXWHU FX
static pressure distribution appears to be the same with higher static pressure along th
circumference of the crosection towards the outer curdeower static pressure propagates
across the profile to the overhang. From the exit cone to the outlet, static pressure increases
across the crossection.Lower static pressure emerges from lesw the inlet anthe overhang
DW f.At flow\atdtit pressure regias localisedin the centreof the crosssections At

f DQG f WKLV ORZ VWDWLF SUHVVXUH UHJLRQ HORQJI
back to the centre of the @®VHFWLRQ D MVbllowsfthraugh.td the outlewith higher
static pressure surrounding the lower static pres€werall at low operating speed, it can be

seen there are negligible variances in static pressure between the two instances.
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(@) (b)

15f f f f f f
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Exit Cone Outlet Exit Cone Outlet
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Figure 5.6 Static Pressure around the Compressor Volute during the operating speed &f S Vat¥ .
(a) Blade Position 1 (b) Blade Position 2

Figure 5.7 graphically represents steady response and unsteady response at two instances of
VWDWLF SUHVVXUH YDULDWLRQ DFURVV HDFKF® BIIR&&eS,H DW (
static pressure decreases from i690f WKHQ LQFUHDVHV IURP f WR f
pressure decreases once more to theReuit O R F D W L RiQ t® Mtreasifig downstream to

the outlet.It is identified steady response indicates higher static pressure than that dejtlcted

the unsteady response for both instances throughout the volute. Additionally, unsteady BP1
clearly depicts higher static pressure than unsteady BP2 fromtd3/pf $VLGH JURP Wi
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there are negligible static pressure fluctuations between the two unsteady inSfabt=S.4
GHWDLOV WKH SHUFHQWDJH GLIIHUHQFH LQ VWDWdconSUHV V >
location to the next, specified byethazimuth angle. Tabl&.4 also details the percentage
difference in static pressure variatidhW USV ¥. RFFXUU-s&tbnDawwundBhEK FUR
volute againsthat depicted at the outlet. This provides an understanding of how much variation
is taking place around the volute and at BP1 and BP2 compared to that at steady response. The
maximum static pressure variation that occurs from one azimuth angle to theetwe®en the
unsteady responses and the steady response is@396f ZKHUH WKH VWHDG\ FDVFE
variation. It is also found that there are matis pressure variations against the steady response
from f V7R f 1Bdth unsteady responsdhe maximum static pressure variation that occurs
against the steady response between the-sext®n around the volute and the outlet is af 45
for both unsteady responsedepictinga greater variatiothan the steady respondeurther to
this, thereis no variation compared to the steady response LQ VWDWLF ShédtHVV XUH
unsteadycasesOverall, this quantifies and compares the static pressure variation between the
steady andhe two instantaneougssponsest low operating spee@®oth insances present lower

static pressure through the volute than the steady case.

=i— Steady Unsteady BP1 =—#=Unsteady BP2
1.52 -

1.51
1.50 A
1.49 A
1.48 -

1.47 A

Static Pressure [atm]

1.46 -

1.45 T T T T T T T T T T T 1
15 45 90 135 180 225 270 315 345 390 393 400

Azimuth Angle [f

Figure 5.7 Comparison ofteady and unsteady resporisestatic pressure across each cresection around the
compressor volute during the operating speed of B8RV ¥ .
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Table 5.4 Comparison of steady and unsteady response of plane to plameigeitko plane sttic pressure
variationat58.9 USV ¥.

' WR } Outlet # ftof
6WDWLF 3UHVVXUH 9DUGAWWWRE® 3SUBIVVXUH 9DULDWLR
Unsteady Unstead Unsteady| Unstead
f|steady ~ g™ TS| f | steady ~E Y PR
15-45 -0.5 -0.8 -0.8 15 -1.5 -1.9 -1.9
45-90 -1.2 -0.8 -0.8 45 -2.0 -2.6 -2.6
90-135| 0.4 0.4 0.3 90 -3.2 -3.4 -3.5
135-180| 0.4 0.3 0.3 135 | -2.9 -3.0 -3.1
180-225| 0.3 0.2 0.2 180 | -2.5 2.7 -2.8
225-270| 0.1 0.1 0.2 225 | -2.3 -2.5 -2.6
270-315| -0.1 0.0 0.0 270 | -2.1 2.4 2.4
315-345| -0.7 -0.6 -0.7 315 | -2.2 2.4 2.4
345-390| 2.2 2.3 2.3 345 | -2.9 -3.0 -3.1
390-393| 0.7 0.7 0.7 390 | -0.8 -0.8 -0.8
393-400| 0.0 0.1 0.1 393 | 0.0 -0.1 -0.1

5.4 Local Asymmetric Ratiosof Static Pressure Distribution Profiles along the
Radial Direction and Axial Direction at Low Speedduring Steady and
Unsteady Conditions

This section presents the asymmetric ratios of the static pressure profiles aloraglisthe
direction and axial direction of each crossection around the turbocharger compressor volute.
The asymmetric ratio has been calculated in order to determine symmetric variations or
asymmetric variations of static pressure along the ratiraction and axial direction of the
crosssections. These profiles depict the unsteady responses at two instances, being blade
position 1 (BP1), where the impeller blade is aligned with the volute tongue and blade position 2
(BP2), where the impeller blade has passed the volute tongue and another impeller blade is
approaching the volute tongu€hese unsteady resmses are compared with that depicted with

the steady response.

Figure 5.8 is graphicalrepresentation depictirthe asymmetric ratio of static pressure along the
radialdirectionof the crosssectionprofiles in (a) andgxial directionof the crosssectionprofiles

in (b) around the centrifugal compressor volatdow operating speed of 58.9 U S M kbth
radial direction and axial direction cases, when the asymmetric ratio is 1, the flow variable is
symmetricand signifies desirable flow characteristics. Asymroetatio that is not 1 signifies

the presence of secondary flows, which means more energy is required due to losses taking place
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as a result of friction. Secondary flows are a direct cause for head loss therefore, the more
symmetric the ratio means the better the volute performs. When the asymmetric ratio is more
than 1, flow variable in the case of the radiméction is localised towards the inner curve, and in
the case of the axialirection the flow variable is localised towards the rear face. When the
asymmetric ratio is less than 1, flow variable in the case of the rdidesition is localised
towards the outer curve, and in the case ofakial direction the flow variable is localised
towards the front face/iewing Figure5.8 (a), it can be seen tresis no variance between the
two unsteady instances and aside from the slight variance depicted a2%gnd 270 f, the
unsteady cases are in good agreemerit thi¢ steady case. It can be seen, upstream of ,390
static pressure along thadial directionof the profiles are asymmetric towards the outer curve.
At 390 f, static pressure is asymmetric towards the inner curve and downstream of this, static
pressure along theadial directionis symmetric.Viewing Figure 5.8 (b), it can be seen aside
from 15f there is no variance between the two unsteady instances. Additionally, aside from the
variance depicted at Ifand the slight variance depicted at 8¢ 270 f, the unsteady cases are
in good agreement with the steady casel5 funsteady response at BP2 is almost the same as
the static pressure variation along the axiia¢ction depicted for the steady case, where both
show slightasymmetry towards the rear facBhe unsteady response at BP1 sksostatic
pressure asymmetry towards the front femewed by slight asymmetry towards the rear face
from 45f EHLQJ L QofShaRddpRted\far the steady caBeom 180 f W R unstgady
cases depict symmetric static pressure along the dixedtion of the profiles with very slight
variances against the steady case. At 29@ 393 f, all cases show static pressure asyynmet
towards the front face then show symmetry at 4@vgrall at low operating speed, it is
observedhatthere is nanfluence on the imbalance of static pressure along the radial direction
of the crosssection profiles inside the centrifugal compressor volute between the two instances.
However, with respect to the axial direction, it is noticed that the only influence on the imbalance
of static pressure is presented atf15 ZKLFK LV WKH ILUVW SURILOH RI WKF
tongue Furthermorethereis only a slightinfluence o the imbalance of static pressinetween
the steady response and the two unsteady responses along both, radial direction and axial

direction. More detailed graphical representations are depicted iBEMPK 3.
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Steady Unsteady BP2

(@)

(b)
Figure 5.8 Asymmetric Ratiof Steady and Unsteadtatic Pressure around the Centrifugal Compressor Volute at
the operating speed of U S Val&ng the (a) Radiabf the profiles and (b) Axialf the profiles
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5.5 Local Static Pressure Distribution at High Speedduring Unsteady
Conditions

Figure5.9 depicts the static pressure around the compressor volute during the operatingf speed

USV ¥Nda®position 1, where the impeller blade is aligned with the volute tongue and
(b) blade position 2, where the impeller blade has passed the volute tongue and another impeller
blade is approaching the volutengue. It can be seen that both instarsleow similar static
pressure trends across the volute asdlibsssections.Lower static pressure is exhibited from
15 fto 90 f, which increases downstream of the volute to the wittled small region of higher
static pressure localised at the outer cunfdhe profiles. Lowest static pressure across the
profiles is seen predominantly in the lower sector of the central regrom 135 fto 31 f,
higher static pressure manifests across the profile towards the central. rféddn f ZKLFK LV
the cutoff location, static pressure appears to have decreased ipageon to that depicted
upstream. As the azimuth angle increases, it can be seen viafites that static pressure also
increases, as a result of the area increHsese low static pressure regions are localised more in
the overhang, while higher static pressure increases along the outer curve of the profiles
GRZQVWUH rPmRhe exit cone at WR WKH RXWOHW DW f VWDW
across the osssections, depicting almost uniform static pressure at the outlet. Overall at high
operating speed, it can be seen there are negligible variances in static pressure between the two

instances.
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(@) (b)
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f f Cut-Off f f Cut-Off
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Figure59 6 WDWLF 3UHVVXUH DURXQG WKH &RPSUHVVRU 9ROXWH GXULQJ W
Position 1 (b) Blade Position 2

Figure 5.10 graphically represents steady response and unsteady response at two instances of
VWDWLF SUHVVXUH YDULDWLRQ DFURVV HDFKF&ARBEEBH DW K
static presste initially decreases from 5 WR f ZKLFK WKHQ LQFUHDVHV C
There is a slight decrease atthe&utl ORFDWHG DW f SULRU WR LQFUHDYV
to the outletlt is identified there are variations between the two ungte@ztances. The most
SURPLQHQW VWDWLF SUHVVXUH YDULDWLRQ HERWR2#iHQ DOC
response is seen to have predominantly higher static pressure than that depicted with the
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unsteady response for both instances ataltlf45 f. Unsteady BP2 has higher static pressure
exhibited from 15 90 fthan unsteady BP1. At90f DQG IURP f WR sté&dly RXW O
response is lower than both unsteady responses. At 135 f, unsteady BP1 matches with the steady
response to static prese while unsteady BP2 is slightly lower. At 18nfl from 315 {o the
outlet, there appears to be negligible variations between the two unsteady instances. At 225 f,
unsteady BP1 is predominantly higher than unsteady BP2, while being lower aT 2@ $.5
GHWDLOV WKH SHUFHQWDJH GLIIHUHQFH LQ VWDWdconSUHV V >
location to the next, specified by the azimuth angle. T&blealso details the percentage
difference in static pressure variatidhW USV ¥. RFFXUU-e&tbnDawwundBhEK FUR
volute against that depicted at the etitThe maximum static pressure variation that occurs from
one azimuth angle to the nestbetween unsteadgP1 and the steady resporete45fto 90 f
where unsteady BP1 has a higher variationer& are no static pressure variasi@accurring
against the steady response at 35345 fand 345 fto 390 for unsteadyBP2 The maximum
static pressure variation that occurs between the-sextsn around the volute and the outlet is
at 45ffor unsteadyBP1 against the steady responsehere unstedy BP1 shows a higher
variation Further to this, there armo static pressure variations occurriaty 315f D QG
between the two unsteady cases and the steady@asill, this quantifies and compares the
static pressure variation between the steady ted two instantaneousesponsesat high

operating speed.
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Figure 5.10 Comparison ofteady and unsteady response for static pressure across eactseobiss around the
compressor volute during the operating speed of B8V ¥ .
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Table5.5 Comparison of steady and unsteady response of plane to plameiteicko plane statipressure
variation at 98.2U SV ¥.

HfOWR Outlet # fo}f
6WDWLF 3UHVVXUH 9 6WDWLF 3UHVVXUH
Unsteady] Unstead Unsteady Unstead
f | steady| "5 Tgpy o|  f | Steady] T B RS

15- 45 -0.9 -1.3 -0.8 15 -6.1 7.7 -7.5
45-90 -1.7 0.2 -0.1 45 -7.0 -8.9 -8.3
90- 135 2.2 2.0 1.6 90 -8.6 -8.7 -8.4
135- 180 1.6 1.2 1.4 135 -6.6 -6.9 -7.0
180-225| 0.8 1.5 1.1 180 -5.2 -5.8 -5.6
225-270| 0.6 0.4 0.9 225 -4.4 -4.3 -4.6
270-315| 0.2 0.3 0.1 270 -3.9 -3.9 -3.8
315-345| -0.9 -1.0 -0.9 315 -3.7 -3.6 -3.7
345-390 | 3.7 3.8 3.7 345 -4.5 -4.6 -4.5
390-393 | 0.9 1.0 1.2 390 -1.0 -0.9 -1.0
393-400| 0.1 0.0 -0.2 393 -0.1 0.0 0.2

5.6 Local Asymmetric Ratios of Static Pressure DistributionProfiles along the
Radial Direction and Axial Direction at High Speedduring Steady and

Unsteady Conditions
Figure5.11is a graphicaftepresentation depictindpe asymmetric ratio of statiagssure along
the radial direction of the crossection profiles in (a) andxial direction of the crosssection
profilesin (b) around the centrifugal compressor volatéow operating speed of USN ¥.
can be seen ifigure5.11 (a), both unsteady cases depicts negligible static pressure variances
along the radiahgainst each other. At 15 f, the two unsteady instances depict slight asymmetry
towards the innerwve, while the steady case depicts slight asymmetry towards the outer curve.
From 45 fo 345 f, all three case exhibit asymmetry towards the outer curve. Frota 226 f,
there are slight variances between the steady case and the two unsteady cases. All cases are seen
to have asymmetry towards the inner curve at 390 f |IROORZH @mmBatricG st8i¢c FWLQJ
pressure along the radidbwnstream of thislt can be seen in Figurg11 (b) both unsteady
cases depict negligible static pressure variances along theagaiakt each other upstream of
135 f. From 15¢ 90 fall cases exhibit asymmetric static pressure along the taxialrds the
rear face with slight variatienat 15fand 45 and obvious variationsat 0 EHWZHHQ WKH XQ°
cases and the steady case. At 225 f, the steady case depicts symmetric static pressure along the
axial, while the unsteady cases continue to show asymmetry towards the rear face. 180 f

225 f, asymmetry towards the rear face is identified for all cases, where unsteady BP2 matches
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reasonably with the steady case. At 2&0d 315 f, all cases depict asymmetry towards the front
face. The steady case exhibits slight asymmetry towards thiaceaat 345 ZKLOH WKH XQV!'
FDVHV H[KLELW VOLJKW DV\PPHWU\ WRZDUGV WKH IURQW I
asymmetry towards the front face in static pressure along the Bixisleady cases show the
VDPH DV WKDW DV WK @averalVa bigh\ogeatngl speed, it isfobserved that there
is negligible influence on the imbalance of static pressure along the radial direction of the cross
section profiles inside the centrifugal compressor volute between the two instances. However,
with respect to the axial direction, it is noticed that the most prominent influence on the
imbalance of static pressure is presented betweerf 180Q G f. Furthermore, there is a minor
influence on the imbalance of static pressagtveen the steady respse and the two unsteady
responses along the radial direction. With respect to the axial direction, these influence of
imbalanes are more prominent through the vollere detailed graphical representations are
depicted in APPENDIX 3
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Steady Unsteady BP2

(@)

(b)
Figure 5.11 Asymmetric Ratio of Steady and Unsteady Static Pressure around the Centrifugal CompressatVolut
the operating speed of 98.2rpsl D O R Q J Radiakef tHe profiles and (b) Axialf the profiles
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5.7 Static Pressure Speed Comparison during Unsteady Conditions

Table5.6 depicts the unsteady response of the local speed comparison, where the high operating
speed of 98.2rp¥ . is compared against the low operating speed of Ur&@ \&takic
pressure across eacoh the selected crossection through the turbocharger compressor volute.
The unsteady responses are at two instances, being at blade position 1 where the impeller blade is
aligned with the volute tongue amtiblade position 2, where the impeller blade has passed the
volute tongue and another impeller blade is approaching the volute tdhguelentifiedthere
are minimal variances throughout the turbocharger compressor volute between the two instances.
Static pressure at 98.2rpé/. increases at bothnsteady instancamtil the outletcompared to
that at 58.9rpst. $W WKH f ZKLFK LV WKH RXWOHW DOWKRX.
98.2rps¥k. RYHU WKDWsS8®H$. FWWGVDWIKWO\ GHFUHDVHYV IURP W
discharge duct. Between the two unsteady responses, BP2 shows higher increase in static
SUHVVXUH IURP f WR f '"RZQVWUHDP IURP KHUH WKHUH

unsteady cases for the higher increase in static pressure.

Table5.6 Local Speed Comparison of Static Pressure Variationng Unsteady Response

Static Pressure > @
f Unsteady BP1| Unsteady BP2
15 76.8 77.1
45 75.9 77.0
90 777 78.3
135 80.5 80.4
180 82.0 82.3
225 84.4 84.0
270 85.0 85.3
315 85.6 85.5
345 84.9 85.1
390 87.8 87.6
393 88.3 88.4
400 88.0 87.9
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5.8 Global Velocity Magnitude Distribution at Two Instances during

Unsteady Conditions
Figure5.12depicts the velocity magnituderiation in the turbocharger compressor stage during
the operating speed of USDK QG UBguredoN\L2 (a) depicts blade position 1, also
referred as BP1, which is when the impeller blade is aligned with the volute tong&eyarel
5.12 (b) depicts blade position 2, also referred as BP2, which is when the impeller blade is
passed the tongue and another blade is approaching the tongue. At both speeds, minimal
variances in velocity magnitude are seen between the two instakicésny speed, higher
velocity magnitude is displayed upstream of the diffuser than at high speed. At high speed, low

velocity magnitude is displayed around the volute than at low speed.

58.9 (@) (b)
rps/¥ .
98.2 (@) (b)
rps/¥ .
Figure 5.12 Velocity Magnitudé/ariation in the Turbocharger Compressor Stage during the operating speed of
UsSvDQG USV ¥. DW D % Bl&@ePbsBien2LWLRQ

Figure5.13 depictsthe comparison of velocity magnitude variations through each station in the
compressor stage between the steady conditions areadgstonditions at low operating speed
of (a) U S Vaid.at high operating speed of (b) 98.2 U SThe¥e is a greater velocity
magnitude variation through each component at high speed than at lowlspaade seen that

for both speeds, velocity maitudeaccelerates throughe inducer and impeller and dderates
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throughthe diffuser and volute, as expected. There are negligible velocity magnitude variances
between unsteady BP1 and unsteady BP2. Slightly higher velocity magnitude is exhibited
through the inducer for the unsteady cases at both speeds. At low speed, the unsteady cases
depicts the same velocity magnitude through the impeller as that of the steady case, while
exhibiting prominent lower velocity magnitude than the steady case at heglal.spt both
speeds, velocity magnitude decelerates nforethe steady case than that depicted for the
unsteady cases through the diffuseeldg¢ity magnitude is decelerates mémeough the volute
for the unsteady cases at baiheed. Details of thesehtoughflow variances for the unsteady

response at two instances against the steady response are presented in Table 5.7.

Steady Unsteady BP1 Unsteady BP2 Steady Unsteady BP1 Unsteady BP2
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Figure 5.13 Comparison of steady and unsteady response of velocity magditiedencethrougheachstationin
theturbocharger compressor stage XULQJ D USV ¥. E USV ¥.

Table 5.7 details the velocity magnitude variance comparison of the unsteady response at two
instances, being blade position 1 and blade position 2, with the steady response at low operating
speed of USV ¥at By Gperating speed of USV ¥. 7KH LQOHW YHORF
variation shows that both unsteady instances for low speed vary the same amount against the
steady responstiarough the compressoft high speed, the inlet velocity magnitude increases
slightly against the steady response at the inducer and diffuser at blade position 1 in comparison
with blade position 2. At the impeller, both unsteady instances vary by the same amount against
the steady response andla volute, blade position 2 increaségtgly more than that at blade
position 1, against the steady responBke highest inlet velocity magnitude variance for
unsteady response against the steady response is at the volute inlet when the compressor is
operating at high speed, whereas the kiwe at the diffuser inlet for low speed. The outlet
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velocity magnitude variation shows thHath unsteady instances for low speed vary the same
amount against the steady responstatmpeller and volute, while #te inducer and diffuser,
blade position 1 shows a slight velocity magnitude increase against the steady case in
comparison with blade position 2. At high speed, the outlet velocity magnitude showstthat
unsteady instances vary the same amount agtiassteady response #ite impeller, while
velocity magnitude athe inducer, diffuser and volute are slightligher for blade position 2
against the steady case in comparison with blade positionhé. highest outlet velocity
magnitude variance for umstdy response against the steady response is at the diffuser outlet
when the compressor is operating at high speed, whereas the lowest is at the impeller outlet for
low speed.

Table5.7 Comparison of steady and unsteady response of velocity magaittideinlet, outlet and througtew
across each station at low speed of U &nd hygh speed of USV ¥.

5.9 Local Velocity Magnitude Distribution at Low Speed during Unsteady
Conditions

Figure 5.14 depicts the velocity magnitude around the compressor volute during the operating
speed of U SVt §a) blade position 1, where the impeller blade is aligned with the volute
tongue and (b) blade position 2, where the impeller blade has passed the volute tongue and
another impeller blade is approaching the volute tongue. It can be seen that both instances show
the same velocity magnitudeends across the volute and its crssstions.Inflow velocity
magnitude through the volute cressctions is comparatively high from 1%50f the cutoff
location at 345 f. At 15 f, low velocity magnitude zone is dkpicthe front face of the cross
section. From 45tp 90 fvelocity magnitude increases, predominantly at the inflow and in the
overhang. Downstream of this velocity magnitude decelerates through thesectess to the
outlet. From the exit cone to the outlet, significantly low velocity magnitude propagates across
the profiles, depicting low zones of velocity magnitude along the inner curve of the exit cone and
along the front face of the discharge duct, followed by uniform velocity magnitude at thte outle
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Overall at low operating speed, it can be seen there are negligible variances in velocity

magnitude between the two instances.

(a) (b)
15 f f f f f f
f f f f f f
f f Cut-Off f f Cut-Off
_ Discharge . Discharge
Exit Cone Outlet Exit Cone Outlet
Duct Duct

Figure 5.14 Velocity Magnitudearound the Compressor Volute during the operating speed of Bty ¥.
Blade Position 1 (b) Blade Position 2

Figure 5.15 graphicaly represents steady response and unsteady response at two instances of
velocity magnitude variation across each profile at low operating speed of 58.9 Bds Il ¥ .

cases, velocitymagnitude increases from 15f WR f SULRU WR GHFUHDVLQJ
From here, velocity magnitude increases once more to th&¢ut ORFDWLRQ DW f IRO

considerable decrease downstream to the outlet. There appears to be no if giblengglocity
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magnitude variations between the two unsteady instan&esl5 f,the steady case has
SURPLQHQWO\ ORZHU YHORFLW\ PDIJQLWXGH WKDQ WKH XQV
has higher velocity magnitude than the unsteady cases. At 180 f, all cases appear to have the
same velocity magnitude occurring across the profile. Downstream of this, the steady case
exhibits slight deceleration in comparison to the unsteady CBslele5.8 details the percentage
difference in velocity magnitude variation at U $rdm¥bne crossection location to the
next, specified by the azimuth angle. Tabl8 alsodetails the percentage difference in velocity
magnitude variatiomt U S Voéturring at each crosection around the volute against that
depicted at the outleThe maximum velocity magnitudariation that occurs from one azimuth
angle to the next between unsted®®§2 and the steady response is atfi® 45 f, where the
steady response has a greater variafldve minimum velocity magnitude variation occurs at
225 fo 270 f, where velocity maigie varies by the same amount for both unsteady cases. The
maximum velocity magnitude variation that occurs between the-seas®n around the volute
and the outlet against the steady response is awitb unsteady BP2which hasa greater
variation Thereis no variationat 390 petween unsteady BRnd the steady respongaverall,
this quantifies and compares the velocity magnitude variation between the steatg and

instantaneous responsedow operating speed.
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Figure 5.15 Comparison of steady and unsteady response for velocity magaittats each crossection around
the compressor volute during the operating speé&sB& U SV ¥.
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Table5.8 Comparison of steady and unsteady response of plane to plamaigeicko plane velocity magnitude
variation at 58.9U SV ¥.

f WR f Outlet # fo}f
S9HORFLW\ ODIJQLWXGH 9PHOBRWILWOQODEDLWXG
Unsteady] Unstead Unsteady Unstead

f | steady| "5 Tgpy o|  f | Steady] T B RS
15- 45 36.6 14.3 13.9 15 25.4 42.9 43.3
45-90 10.3 7.5 7.3 45 71.2 63.3 63.2
90- 135 -8.8 -5.8 -5.8 90 88.9 75.5 75.1
135-180 | -6.9 -4.3 -4.4 135 72.4 65.3 64.9
180-225 | -4.0 -2.8 -2.7 180 60.4 58.1 57.7
225-270 | -2.0 -1.6 -1.6 225 53.9 53.6 53.4
270- 315 1.1 0.3 0.4 270 50.8 51.1 50.9
315- 345 7.7 7.0 6.9 315 52.5 51.6 51.5
345-390 | -27.2 -26.1 -26.1 345 64.3 62.2 61.9
390-393 | -13.4 -12.8 -12.7 390 19.7 19.8 19.7
393-400 | -3.5 -4.2 -4.3 393 3.6 4.4 4.5

5.10 Local Asymmetric Ratios of Velocity Magnitude Distribution Profiles

along the Radial Direction and Axial Direction at Low Speed during

Steady and Unsteady Conditions
Figure5.16is a graphical representation depicting the asymmetric ratio of velocity magnitude
along theradial direction of the crossection profiles in (a) anexial direction of the cross
section prdfiles in (b) around the centrifugal compressor volute at low operating speed of
58.9 U S V. I¥ thecase ofFigure5.16(a) at 15f, both unsteady casthow asymmetry towards
the outer curve, while the steady case shasymmetry towards the inner curve. At 48lIf,
cases are asymetric towards the outer cungd fom 90 fto 345 fall cases are asymmetric
towards the inner curve. At 9Qtifere are no variations betwesvo unsteady casesnddepict
negligible variance to 225 [pownstream of this, there are no velocity magnitude variations
between the two unsteady cases along the radiall35 fand 180 f, the steady case is
significantly more asymmetric than the two unsteady cases, while depicting significantly less
asymmetry aR25 fand 270 f )URP f YHORFLW\ PDJQLWXGH DV\PPH
radal EHWZHHQ WKH VWHDG\ FDVH DQG WKH XQ#Mas&s@ie FDVH\
asymmetic towards the outer curve prior to depicting symmetry and asymmetric towards the
inner curve at the outlet for the twamsteady cases and the steadge respectivelyin the case

of Figure5.16 (b), both unsteady cases depict negligible velocity magnitude variation along the
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axial throughout the voluteAt 15 f, all cases are asymmetric towards the rear face, where
substantial variance is exhibited between the unsteady cases and the steady caskee Here,
unsteady cases exhibit considerably higher asymmetry than the steady casearkt @6 fhe
unsteady cases show symmetric velocity magnitude alongxiaéof the profiles, while the
steady case is asymmetric towards the rear face frofto4835 f. At 13p, unsteady cases are
slightly asymmeic towards the front face.rém 180 fo 270 f, the steady case depicts velocity
magnitude asymmetry towards the front face. The unsteady cases exhibit slight asymmetry
towards the rear face from 18® 315 f,dilowed by depicting velocity magnitudgymmetry at
345f $W f DQG f WKH VWHDG\ FDVH H[K L Eandftowams \P P HW
the front face, respectivey$ W  arfd 393 fall cases depict asymmetry once more towards
rear face, where there are significant velocity magnitude variations along théetwakn the
steady case and the two unsteady cases. At the outlet, there appears to be no \erthtons
betweencases andghows slight asymmetry towards the front fag@verall at low operating
speed, it is observed that the only influence on the imbalance of velocity magnitude along the
radial direction is exhibited at 4%etween the two instances. Aside from this, there is no
influence on imbalance of velocity magnitudetween thewo instancesalong the radial
direction and axial direction through the centrifugal compressor volute. Furthermore, there is a
significantinfluence ontheimbalance of velocity magnitude through the centrifugal compressor
volute between the steady resperand the two unsteady responses along both, radial direction

and axial direction. More detailed graphical representations are depi&B®PENDIX 3
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Steady Unsteady BP2

(@)

(b)

Figure 5.16 Asymmetric Ratio of Steady and Unsteady Veldtagnitudearound the Centrifugal Compressor
Volute at the operating speed of 58.9rs/ D O R Q J Radkaldf tHa profiles and (b) Axialf the profiles
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5.11 Local Velocity Magnitude Distribution at High Speed during Unsteady
Conditions

Figure 5.17 depicts the velocity magnitude around the compressor volute during the operating
speed 0of 98.2USV ¥N DW D EODGH SRVLWLRAQ ZKHUH WKH LPS
tongue and (b) blade position 2, where the impeller blade has passed the volute tongue and
another impeller blade is approaching the volute tongue. It can be seen that both instances show
the almost the sameelocity magnituddrends across the volutadits crosssectionsVelocity
magnitude appears to be high from 16 PO f, prior to decelerating downstream, as well as
exhibiting low flow velocity magnitude towards the outer cufs®m 15 fo the cutoff location
at 345 f, inflow velocity magnitude appears to be comparatively higher than that depicted in
across the crossections. At 15 f, there is accelerated flow velocity also exhibited at in the central
region near of the outer curve of the profile. From 90 f, lower flow velocity magnitude emerges
along the rear face and the outer curve of the profile, which propagates downstream to 270 f. At
315f KLJKHU IORZ YHORFLW\ PDIJQLWXGH H[KLELWHG DFURYV
profiles manifest to the lower flow velocity magnitude regions dédpld G XSVWUHDP $W
velocity magnitude is seen to be accelerated further, predominantly from the inflow following
the curvature of the outer walkrom the exit cone to the outlet, significantly low velocity
magnitude propagates across the prafitkepicting low zones of velocity magnitude along the
inner curve of the exit cone and along the front face of the discharge duct, followed by uniform
velocity magnitude at the outleOverall at high operating speed, it can be seen there are

negligible vaiances in velocity magnitude between the two instances.
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Figure 5.17 Velocity Magnitude around the Compressor Volute during the operating speed of98.2USV ¥. DW D
Blade Position 1 (b) Blade Position 2

Figure 5.18 graphically represents steady response and unsteady response at two instances of
YHORFLW\ PDIJQLWXGH YDULDWLRQ DFURVY HDFKF&ERILOH L
cases, velogit magnitude increases from 15 f WR f SULRU WR GHFUHDVLQJ
From here, velocity magnitude increases once more at thRtit ORFDWLRQ DW f IRO
considerable decrease downstream to the outleereTappears to benegligible vebcity
magnitudevariations between the unsteady casesere BP2 is slightly higher than BP1. The

most prominent velocity magnitude variation between the steady response and unsteady
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responses occur at 15f ZKHUH VW heD @uchUdWersveltyHma@ LW XGH $W f
steady response exhibitggher velocity magnitude in comparison with unsteady responses. At
f DQG f YHORFLW\ PDIJQLWXGH LV VOLJKWO\ OHVV DQ((
XQVWHDG\ FDVHV UHVSHFWLYHO\ )URP f WR f VOLJk
GHSLFWHG IRU WKH VWHDG\ FDVH WKDQ WKptesesvslightlip G\ F D\
acceleratedrelocity magnitude prior to decelerating slightly at the outlet in comparison to the
unsteady responseBable5.9 details the percentage difference in velocity magnitude variation at
USV ¥. IURP-RQidh I6AdtRVY the next, specified by the azimuth aagleell as
the velocity magnitude variation occurring at each cresstion around the volute against that
depicted at the outlet. The maximum velocity magnitude variation occdrangone azimuth
angle to the next between unste&B1 and steady responseds 15fto 45 fwhere the steady
response depicts a higher variatiomeTminimum velocity magnitude variation occlietween
unsteady BP2 and the steady respons¥ atfto 345 fwhere the steady response depicts more
variation. The maximum velocity magnitude variatiarccurring between the crossection
around the volute and the outlet against the steady respoaiséS$with unsteady BP2while
the minimum occurs at80 fwith unsteady BP1, where both unsteady response depict more
variations Overall, his quantifies and compares the velocity magnitude variation between the

steady andhe twoinstantaneous responses at high operating speed.
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Figure 5.18 Comparison of steady and unsteady response for velocity magnitude across easkaiossaround
the compressor volute during the operating speed of 98.2USV ¥.
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Table5.9 Comparison of steady and unsteady response of plane to plamaigeicko plane vekity magnitude
variation at 98.2USV ¥.

f WR f Outlet # fo}f
S9HORFLW\ ODIJQLWXGH 9PHOBRWILWOQODEDLWXG
Unsteady] Unstead Unsteady Unstead

g | Steady) Tgpy N\ epp | f | Steady| T TR
15-45 21.2 0.9 1.3 15 79.9 113.8 114.2
45-90 4.2 1.0 0.5 45 118.0 | 115.6 117.0
90-135 | -14.3 -12.5 -13.0 90 127.2 | 117.8 118.1
135-180 | -12.2 -10.5 -9.7 135 94.7 90.5 89.7
180-225 | -3.4 -3.8 -4.6 180 70.9 70.6 71.4
225-270 | -3.8 -4.7 -3.2 225 65.1 64.1 63.5
270-315| -0.3 0.6 -0.9 270 58.9 56.5 58.3
315- 345 6.4 5.6 6.2 315 58.5 57.5 56.9
345-390 | -30.0 -29.3 -29.7 345 68.6 66.3 66.6
390-393 | -12.9 -15.0 -14.4 390 18.0 17.5 17.2

393-400 | -2.7 0.1 -0.4 393 2.8 -0.1 0.4

5.12 Local Asymmetric Ratios of Velocity Magnitude Distribution Profiles
along the Radial Direction and Axial Direction at High Speed during
Steady and Unsteady Conditions
Figure5.19is a graphical representation depicting the asymmetric ratio of velocity magnitude
along theradial direction of the crossection profiles in (a) anexial direction of the cross
section prdfiles in (b) around the centrifugal compressor volute at high operating speed of
U S V GbservingFigure5.19(a), both unsteady cases show asymmetry towards the outer
curve, while the steady case shows asymmetry towards the inner curvé. AtMb f, all cases
are asymmetric towards the outer curve with slight variances between each other. Ftom 90
345 fall cases are asymmetric towards the inner curve. A 90 f DQG f, there are no
variations between two unsteady cases, while at @8@ligible variance is depicted. From 90 f
to 180 f, the steady case depicts greater asymmetry than the two unsteadyhdas#s225 f
and 270 f, the unsteady cases depict greater asymmetry than the steady cage. uhisEaily
BP1 exhibits much higher asymmetry and matches with the steady casefat 31Budsteady
BP2 depicts negligible variance with the steady cadeuasteady BP1. At 345 f, all cases exhibit
asymmetry towards the inner curve, showing no velocity magnitude variations between the two
unsteady cases at 3#5however the steady case depicts higher asymmetry. $ W f DQG ]
cases are asymmetric tawls the outer curyavhere the steady case depicts higher asymmetry
WKDQ WKH XQVWHDG\ FDVHVY DQG WKHUH LV QHJOLJLEOH YD
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$W f WKH WZR XQVWHDG\ FDVHV H[KLELW Vragi& MM\ LQ Y
the steady case exhibits asymmetyards the inner curv@bservingFigure5.19(b), all cases
are asymmetric towards the rear face af 1&whee the steady case exhibits the least asymmetry
and unsteady BP1 depicts the most. From td5225 f, there is negligible velocity magnitude
variance along the axiddetween the two unsteady cases and depicts asymmetry towards the
front face. From 4516 135 f, steady case exhibits asymmetry towards the rear face prior to
exhibiting asymmetry towards the front face from ¥89 270 f. At 18§, the steady case has
more asymmetry than the two unsteady cases and &t 2B2&re is negligible velocity maguieu
variation along the axidletween the steady and the two unsteady cases. At, Didh unsteady
cases depict asymmetry towards the rear face, where unsteady BP1 is slightly higherf At 315
steady case is asymmetric towards the rear face while unsteady BP1 and unsteady BP2 are slight
asymmetric towards the front face and rear face, respectively. At,3bcases are asymmetric
towards the front face, where the two unsteady cases depict no velocity magnitude variation
along the axiabf the profile. Additionally, the steady case identifies slightly more asymmetry
than the unsteady case8W  arfd 393 f, all cases depict asymmetry once towards rear face,
where there is a slight variation and a prominent variation, respectively, along thieetwiedn
the steady case and the two unsteady cases. At the outlet, there appears to be negligible
variations between the cases and shows slight asymmetry towards the froOWvEedl. at high
operating speedt is observed that there is a prominent influence on the imbalance of velocity
magnitude along the radial direction at 2B@tfveen the two instances. Aside from this, there is
predominantly only a slight influence on the imbalance of velocity magnitude between the two
instances along the radial directiordaaxial direction through the centrifugal compressor volute.
Furthermore, there is a significant influence onithiealance of velocity magnitude through the
centrifugal compressor volute between the steady response and the two unsteady responses along
both, radial direction and axial direction. More detailed graphical representations are depicted in
APPENDIX 3
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Steady Unsteady BP2

(@)

(b)

Figure 5.19 Asymmetric Ratio of Steady and Unsteady Velocity Magnétalend the Centrifugal Compressor
Volute at the operating speed of 98.2rs/ D O R Q J Radkaldf tHa profiles and (b) Axialf the profiles
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5.13 Velocity Magnitude Speed Comparison during Unsteady Conditions
Table 5.10 depicts the unsteady response of the local speed comparison, where the high
operating speed of 98.2rpé/ is compared against the low operating speed of USV ¥.
velocity magnitude across each of the selected -@®s$on through the turbocharger
compressor volute. The unsteady responses are at two instances, being at blade position 1 where
the impeller blade is aligned with the volute tongue aiglade position 2, where the impeller
blade ha passed the volute tongue and another impeller blade is approaching the volute tongue.
It is identified thereare minimal variances throughout the turbocharger compressor volute
between the two instances. Velocity magnitude at 98.Zrpshcreases at botlunsteady
instances compared to that at U &M ¥ecreases in its variance compared to that at
U S Vth¥augh the voluteThe maximum differencbetween the two unsteady cases when

comparing98.2rpsk. ZLWKUSV LA, ORFDWHG BRE shofvs kghét therease in

velocity magnitude.

Table5.10Local Speed Comparison of Velocity Magnitiagiation during Unsteady Response

O9HORFLW\ ODJQLWXGH > @
f
Unsteady BP1| Unsteady BP2
15 94.4 94.3
45 71.6 72.9
90 61.2 62.0
135 49.7 49.6
180 40.2 41.3
225 38.8 38.6
270 34.5 36.4
315 35.0 34.7
345 33.2 33.8
390 27.5 27.4
393 24.2 25.0
400 29.9 30.0
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5.14 Global Static Temperature Distribution at Two Instances during Unsteady

Conditions
Figure5.20depicts the stati,emperaturevariation in the turbocharger compressor stage during
the operating speed of USKMQG U Sigur&m™20(a) depicts blade position 1, also

referred as BP1, which is when the impeller blade is aligned with the volute tong&eyarel

5.20 (b) depicts blade position 2, also referred as BP2, which is when the impeller blade is
passed the tongue and another blade is approaching the tongue. At both speeds, minimal
variances irstatic temperature are seen between the two instances. Higher static temperature is
displayed at high speed, while lower static temperature is displayed at low speed. Uniform static

temperature is identified through the turbocharger compressor in beth cas

58.9 (@) (b)
rps/¥ .
98.2 (@) (b)
rps/¥ .
Figure 5.20 StaticTemperaturé/ariation in the Turbocharger Compressor Stage during the operating speed of
USVvDQG USV ¥. DRasitidh 1(%) BI&uE Pbsition 2

Figure5.21 depictsthe comparison of static temperature variations through each station in the
compressor stage between the steady conditions and unsteady conditions at low operating speed
of (a) 58.9rpV ¥and at high operating speed of (b) 98.2 U SThe¥e is a greater static
temperature variation through each component at high speed than at lowlspaadhe seen

that for both speeds, static temperatdeereases in the inducer for all cases amleases
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downstream of this. There appears to be no variance in static tempdretween the two
unsteady cases at low speledm the inducer to the diffuser, while high speed depicts no
variance through the inducer and volute. At low speed, unsteadyl&i?&s slightly more of a
decrease in static temperature through the impeller and sliggtigr static temperature through
the volutethan unsteady BPThrough the inducer and impeller static temperatibserved to
be lower at the steady case thae two unsteady cases and higher through the diffuser and
volute. At high speed,unsteady BP1 depicts slightly highstatic temperature through the
impeller and slightly lowestatic temperature through the diffuser than unsteady BiR&e is
no statictemperature variance between the steady case and the two unsteady cases through the
inducer. Static temperature is observed to be lower at the steady case than the two unsteady cases
through the impeller and diffuser. Further to this, higher static textyseris exhibited from the
steady case through the volute. Details of these thrllaghvariances for the unsteady response

at two instances against the steady response are presented in Table 5.11.
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Figure 5.21 Comparison of steady and unsteady response of static tempedldfarencethrougheachstationin
theturbocharger compressor stage XULQJ D USV ¥. E USV ¥.

Table 5.11 details the static temperature variance comparison of the unsteady response at two
instances, being blade position 1 and blade position 2, with the steady response at low operating
speed of USV ¥at gD Gperating speed of U SNhe¥e. are no static temperature
variations depicted at the inducer inlet and impeller inlet at low speed, while at high speed the

is negligible variances. At low speed, static temperature at the inlet location of each component
varies by the same amount at both unsteady instances. This is also the case at high speed aside
from that at the diffuser, where blade position 2 depitightyy lower static temperature
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variation than that depicted at blade positiorAlLlow speed, static temperature at the outlet
location of each component varies by the same amount at both unsteady instances. This is also
the case at high speed aside from that at the impeller, where blade position 2 depicts slightly

lower static tempeature variation than that depicted at blade position 1.

Table5.11 Comparison of steady and unsteady responseatit temperature at the inlet, outlet and throftgw
across each station at low speed of 58 S Vaid. high speed of USV ¥.

5.15 Local Static Temperature Distribution at Low Speedduring Unsteady
Conditions

Figure 5.22 depicts the statitemperaturearound the compressor volute during the operating
speedof U S Vat{a) Hade position 1, where the impeller blade is aligned with the volute
tongue andb) blade position 2, where the impeller blade has passed the volute tongue and
another impeller blade is approaching the volute tongue. It can be seen that both instances show
the same unifornstatictemperatureérends across the volute and its cresstionsAt 15 f, there
are small regions of slightly lower static temperature depicted at the inlet and near the outer
curve more towards the rear face. Fromf#b135f, the lower static temperature region at the
inlet increases in its distribution prior teducing its distribution at the inlet downstream of 135 f.
At 45 f, the lower static temperature is also depicting in the overhang at the front face, which
propagates into the overhang at 90 f. Downstream of 90 f, this lower static temperature region
localied in the overhang reduces its distribution until the flow reaches theffdotation at
345f ZKHUH IORZ GHSLFWV SUHGRPLQDQW XQLIRdioBd tié\ LQ L\
profile. Very small regions of lower static temperature remains at the inlet and at the rear face
near the inlet. Downstream of the -@if location, static temperature distribution is uniform.
Overall at low operating speed, it can be seen there are no variances in static temperature

between the two instances.
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Figure 5.22 StaticTemperaturearound the Compressor Volute during the operating speed of Bt&y ¥.

Blade Position 1 (b) Blade Position 2

Figure 5.23 graphically represents steady response and unsteady response at two instances of
static temperature variation across each profile at low operating speed of 58.9kbB all ¥ .

cases, statietmperature decreases fromfid90 f WKHQ LQFUHDVHV IURP f WR
static temperature decreases once more to theRddt ORFDWLRQ DW f SULRU
downstream to the outldt.is identified at 15, the steady case depicts premily higher static
temperature than that depicts for the two unsteady cases, whil¢thtsAgariation is very slight.
Downstream of 45 f dMe&dyl response indicates lower static temperdhame that depicted

with the unsteady response for both ins&s. There are minor variations between unsteady BP1
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and unsteady BP2. Tabtelldetails the percentage difference in static temperature variation at
U S Vfr&#m one crossection location to the next, specified by the azimuth ariglble
5.11alsodetails the percentage difference in static temperature var&at@9rps ¥ .occurring
at each crossection around the volute against that depicted at the olletmaximum static
temperature variation that occurs from one azimuth angle to the next between the unsteady
responses and the steady responsels A&tV R whfere the steady response has more variation
There are nostatic temperaturgariation occurring between the unsteady and steady responses
downstream of 180 f. The maximum static temperature variation that occurs between-the cross
section around the voluend the outlet is at 1fwith the unsteady cases exhibiting more of a
variation than the steady case. There are no static temperature variations occl@@irfgnak
393 fwhereall cases vary by the same amount across the pr@filerall, this quantifieand
compares the static temperature variation between the steady and the two instantaneous

responses at low operating speed.

=i— Steady Unsteady BP1 =—#=—Unsteady BP2

Static Temperature [K]
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Figure 5.23 Comparison of steady and unsteady response for static tempesatoss each crossection around
the compressor volute during the operating speé&sBE U SV ¥.
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Table5.12 Comparison of steady and unsteady response of plane to plane and outlet tstqti@bemperature
variation at 58.9U SV ¥.

f WR f Outlet # fo}f
6WDWLF 7THPSHUDWXU 6WDWLF 7THPSHUDW X
Unsteady] Unsteady Unsteady] Unsteady
f Steady| BP1 BP2 f | Steady| BP1 BP2
15- 45 -0.5 -0.3 -0.3 15 -0.4 -0.8 -0.8
45-90 -0.4 -0.1 -0.2 45 -0.9 -1.2 -1.2
90- 135 0.2 0.2 0.1 90 -1.3 -1.3 -1.3
135-180 0.2 0.1 0.1 135 -1.1 -1.1 -1.2
180-225 | 0.1 0.1 0.1 180 -1.0 -1.0 -1.1
225-270 | 0.1 0.1 0.1 225 -0.8 -1.0 -1.0
270-315| 0.0 0.0 0.0 270 -0.8 -0.9 -0.9
315-345 | -0.2 -0.2 -0.2 315 -0.8 -0.9 -0.9
345- 390 0.7 0.7 0.7 345 -1.0 -1.1 -1.1
390-393 | 0.2 0.2 0.2 390 -0.3 -0.3 -0.4
393-400 | 0.1 0.1 0.1 393 -0.1 -0.1 -0.1

5.16 Local Asymmetric Ratios of Static Temperature Distribution Profiles
along the Radial Direction and Axial Direction at Low Speed during

Steady and Unsteady Conditions
Figure 5.24 is a graphicakepresentation depictinthe asymmetric ratio of static temperature
along theradial direction of the crossection profiles in (a) anexial direction of the cross
section prdfiles in (b) around the centrifugal compressor vol#e low operating speed of
589U S V. M.the case ofFigure 5.24 (a) the two unsteady responses depict the same
asymmetric ratio for static temperature along the ratdiaugh the volute. At 15ghd 45 All
cases depict slight asymmetry towards the inner curve, where the steady case is highgr. At 90
the steady response exhibit slight asymmetry towards the inuree,cwhile the unsteady
responses exhibit slight asymmetry towards the outer curve. From 135 f WR f, all cases ident
slight asymmetry towards the outer curve where the steady case depicts high asymmetfy at 135
and 180 f, then slightly less asymmatr25f D QG f.At270f DQG f, all cases identify
same amount of asymmetry. At 390 and 38IBdase depicts the same minor asymmetry towards
the inner curve. At 400 finsteady cases depict symmetric static temperature alongdiaé
while the steady case continues to depict minor asymmetry towards the innedrcaineecase
of Figure 5.24 (b) the two unsteady responses depict the same asymmetric ratstatior
temperature along thaxial through the voluteThe two unsteady responses depict the same

asymmetric ratio for static temperature along the aloainstream of 135 f. Upstream of this are
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very minor variances. From 150f135 f, the unsteady casegic slight asymmetry towards the
front face, while the steady case identifies symmetric static temperaturef afdwed by
slight asymmetry towards the rear face atf45DQG WKHQ VOLJKWO\ PRUH DV
unsteady cases towards the front fateR P f WRom180f WR f, the unsteady cases
depict symmetric static temperature along thaal, whereas the steady case depicts slight
asymmetry towards the rear face. All cases exhibit very minor asymmetry towards the front face
at 315 followed by symmetric static temperature along the axia845f 890 f, unsteady
cases continue to exhibit symmetry, while the steady case shows very minor asymmetry towards
the front face. At 393 finsteady cases join the steady case by also showing very mino
asymmetry towards the front face prior to deviating away from the steady case at 400 f. Here,
unsteady cases are symmetric along the awihile the steady case continuesexhibit very
minor asymmetry towards the front fa€verall at low operating ged,it is observed that there
is no influence on the imbalance of static temperature along the radial direction or the axial
direction of the crossection profiles inside the centrifugal compressor volute between the two
instances. Furthermore, there is only a slight, if not negligible, influence on the imbalance of
static temperature between the steady response and the two unsteady responses along both, radial
direction and axial directiomMore detailed graphical representations are depicted in APPENDIX
3.
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Steady Unsteady BP2

(@)

(b)

Figure 5.24 Asymmetric Ratio of Steady and Unsteady Static Tempeiatued the Centrifugal Compressor
Volute at the operating speed of 58.9rs/ D O R Q J Radkaldf tHa profiles and (b) Axialf the profiles
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5.17 Local Static Temperature Distribution at High Speedduring Unsteady

Conditions
Figure 5.25 depicts the statitemperaturearound the compressor volute during the operating
speedR | U S V(a¥ Nade Yositio 1, where the impeller blade is aligned with the volute
tongue andb) blade position 2, where the impeller blade has passed the volute tongue and
another impeller blade is approaching the volute tonigwan be seen that both instances show
the almost uniform static temperature trends across the volute and itsertiess. Very slight
static temperature variations are identified at and upstream gf. &wnstream of this depicts
areas of slightly high static temperatures, predominately from thecemd. At 15 f slightly
lower static temperature is exhibited at the inlet, along the rear face and in the central upper
sector of the profile. These regions reduce in its distribution fronad& depict another slightly
lower static temperature regionrass the profiles, predominately in the overhang, which
propagates to 135 f. Downstream of 135f XQWLO UHDFKL @é slighfly RwewWw KH Y R
static temperature region localised in the overhang reduces in it distribution. Frgito 325 f,
there isa region of higher static temperature in the central region more towards the upper sector
of the profile. At 270 f, this region is greater at (b) than at (a), also depicting slightly high static
temperature along the outer curve, which is absent in the afa&). At the cubff for both
instances, slightly lower static temperature is identified once more in the overhang of the profile.
The exit cone and discharge duct depicts higher static temperature across the profiles with
regions of lower static tempaures in the lower sector and at the rear face of the-seati®ns,
respectively. At the outlet, uniform static temperature is identified for both instabeesall at
high operating speed, it can be seen there are negligible variances in static temperature between

the two instances.
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Figure 5.25 Static Temperature around the Compressor Volute during the operating speed of 98.2USV ¥. DW D
Blade Position 1 (b) Blade Position 2

Figure 5.26 graphically represents steady response and unsteady response at two instances of
VWDWLF WHPSHUDWXUH YDULDWLRQ DFURVYV HDHFKr 8IURILOH
cases, static temperature decreases froftol80 f WKHQ LQFUHDVHV IURP f WR
VWDWLF WHPSHUDWXUH DJDLQ GHFUHDVHV DW f SULRU )\
steady response. For both unsteady responses however, static temperagasesnthen
decreases at the outldtis identified steady response indicates lower static temperature than that
depicted with the unsteady response for both instances throughout the volute. BP2 is
predominately higher than BP1 aside from both instadepgct the same static temperature at

315 fand 390 fand BP1 being higher than BP2 at 22&nfl 135 fTable 5.13 details the
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SHUFHQWDJH GLIITHUHQFH LQ VWDWLF WHPSHUDSidhH YDUL
location to the next, specified by the azimuth angle. T&hl® also details the percentage
difference in static temperature variatidhW USV ¥. RFFXUU-B&Qtbnmwund DFK F
the volute against that depicted at the oufléte maximum static temperature variation that
occurs from one azimuth angle to the next between the unsteady responses and the steady
response is at 393 f O R where steady case depicts higher variation than the two unsteady.
There are nostatic temperaturgariatiors occuring between both unsteady responses and the
steady response at f WR Thefmaximumand minimum static temperature variation that
occurs between the cresection around the volute and the outlet is ats@A5f UHVSHFWLYF
with the steady cases exhibiting more of a variation than the unsteady cases. Overall, this
guantifies and compares the static temperature variation between the steady and the two

instantaneous responses at high operating speed.
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Figure 5.26 Comparison of steady and unsteady response for static temperature across easkatiossaround
the compressor volute during the operating speed of 98.2USV ¥.
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Table5.13 Comparison of steady and unsteady response of plane to plane and outlet tstati@rtemperature
variation at 98.2U SV ¥.

f WR f Outlet # fo}f
6WDWLF 7THPSHUDWXU 6WDWLF 7THPSHUDW X
Unsteady] Unsteady Unsteady] Unsteady
f Steady| BP1 BP2 f | Steady| BP1 BP2
15- 45 -0.8 0.0 0.1 15 -2.2 -1.4 -1.4
45-90 -0.3 0.3 0.1 45 -2.9 -1.5 -1.3
90- 135 0.8 0.5 0.4 90 -3.3 -1.2 -1.2
135-180 | 0.7 0.3 0.4 135 -2.5 -0.7 -0.7
180-225 | 0.2 0.4 0.2 180 -1.8 -0.4 -0.4
225-270 | 0.2 0.0 0.3 225 -1.6 0.0 -0.2
270-315| 0.0 0.1 -0.1 270 -1.4 0.0 0.1
315-345 | -0.2 -0.4 -0.3 315 -1.3 0.1 0.0
345- 390 1.1 1.1 1.0 345 -1.5 -0.3 -0.3
390-393 | 0.3 0.2 0.3 390 -0.4 0.7 0.7
393-400 | 0.2 -0.9 -1.0 393 -0.2 1.0 1.0

5.18 Local Asymmetric Ratios of Static Temperature Distribution Profiles
along the Radial Direction and Axial Direction at High Speedduring

Steady and Unsteady Conditions
Figure 5.27 is a graphicakepresentation depictinthe asymmetric ratio of static temperature
along theradial direction of the crossection profiles in (a) anexial direction of the cross
section prdfiles in (b) around the centrifugal compressor volatehigh operating speed of
98.2U S V. M.the case ofFigure 5.27 (a), both unsteady cases depict symmetric static
temperature at 1p, while the steady case appears to be asymmetric towards the outer curve.
From 45 fo 345 poth unsteady cases exhibit asymmetry towards the outer auda®nsist of
the same asymmetry at 185225 and 315 f. At 45tlie steady case identifies asymmetry
towards the inner curve until 345 f, asymmetry towards the outer isudepicted Slight
variations are seelpetween the steady case and unsteady cases. DownstreamfofaB4fases
show slight static temperatuasymmetryalong the radialowards the inner curvén the case of
Figure 5.27 (b), there are no static temperature variances along the lzetaken the two
unsteady cas at 90fand downstream of 345 f. Aside from this and the slight variance localised
at 270 f, there is negligible variance between the two unsteady cases. Fro@015 all cases
exhibit asymmetry towards the front face with the steady case depictirggaspmmetry. At
135 f, unsteady cases are symmetric while the steady case continues to depict asymmetry towards

the front face. All cases are slightly asymmetric towards the front face &t fb86wed by
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symmetric static temperature along #@al at 225f. At 270 f, unsteady BP1 depicts symmetry
while unsteady BP2 and the steady case depict slight asymmetry towards the front face and rear
face, respectively. At 31p, unsteady BP1 depicts symmetry while unsteady BP2 and the steady
case depict vice versa to previous. At 345 f, both unsteady cases exhibit symmetric static
temperature along the axjavhile the steady condition exhibits asymmetry towards the rear face.
At 390 fand 393 f, unsteady cases depict asymmetry towards the front face and the steady case
depicts asymmetry towards the rear face prior to all cases presenting symmetric static
temperature at 400Overall at high operating speed, it is observed that there is no influence on
the imbalance of static temperature along the radial direction of thesaossn profiles inside
the centrifugal compressor volute between the two instances. With respect to the axial direction
however, the only influence on the imbalance of static temperature between the two instances is
exhibited at 270 f $VLGH ,|h&® isVAKd Wo influence on the imbalance of static
temperature between the two instances along the axial dire€iwsthermore,between the
steady response and the two unsteady respdhses,is a prominent influence on the imbalance
of static temperature presented atf4ADORQJ WKH UDGLDO GLUHFWLRQ DQG
axial direction. Aside from this, there is only a slight influence on the imbalance of static
temperature between the steady response and the two unsteady respomgsésthloradial
direction and axial direction. More detailed graphical representations are depicted in APPENDIX
3.
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Steady Unsteady BP2

(@)

(b)
Figure 5.27 Asymmetric Ratio of Steady and Unsteady Static Tempeiatuead the Centrifugal Compressor
Volute at the operating speed of 98.2rs/ D O R Q J Radiatdf the profiles and (b) Axialf the profiles

5.19 Static Temperature Speed Comparison during Unsteady Conditions
Table 5.14 depicts the unsteady response of the local speed comparison, where the high
operating speed of 98.2rpé/ is compared against the low operating speed of USV ¥.
static temperature across each of the selected-seatisn through the turbocharger compressor
volute. The unsteady responses driva instances, being at blade position 1 whlbkesimpeller

blade is aligned with the volute tongue aatdblade position 2, where the impeller blade has
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passed the volute tongue and another impeller blade is approaching the volute tongue. It is
identified there are minimal variances throughout the turbocharger compressor volute between
the two instances. For both unsteady cases, static temperature increases at¥Q8i@rps/
comparison with that at 58.9rpé/l. For unsteady BP1, static temperature at §3/.
increases its variation through the volute until 225 f. Downstream from here, there are
fluctuations from that depicted in the previous profile. This is also the case for unsteady BP2,
except static temperature at 98.2mpsincreases its variation through the volute until 270 f SULRU
to depictingfluctuations downstream from thiat the previous profileAside from that at 393 f
there are no static temperature variations between the two cases against thatlaBV ¥ .

downstream of 315 f.

Table5.14 Local Speed Comparison of Static Temperaiagation during Unsteady Response

6WDWLF 7THPSHUDWXUH > @
f
Unsteady BP1| Unsteady BP2
15 21.0 21.1
45 214 21.6
90 21.9 22.0
135 22.4 22.3
180 22.6 22.7
225 23.0 22.8
270 22.9 23.1
315 23.0 23.0
345 22.7 22.7
390 23.1 23.1
393 23.1 23.2
400 21.8 21.8

5.20 Summary
This chapter has numerically investigated the instantanessgonses of the turbocharger
compressor stage and its volute using CFD technidumes.section has employed Sliding Mesh
techniques using CFD to investigate and thoroughly understand some of the aerodynamic flow
characteristics inside the turbocharger compressor stage and its volute when the blade is aligned
with the tongue and when the tongue is in between two blades. ektensively detailed
investigation enables one to better understand the flow mechanics and tteesesdindings
gathered from this section to provide improvements during experimentation and during the
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design process. For example, during experimentation, the presented flow structures are difficult
to capture, therefore a control section can be installed at the presented locatiomg.tivauri
design process, determining the strengths and weaknesses of flow behaviour inside the volute
can be used to set a foundation to design an improved turbocharger compressor volute to real
operating conditiond-rom detailed analyses carried out on #erodynamic flow characteristics
of the turbocharger compressor stage and through its volute, the findings of the presented results

are summarised:

X The isentropic efficiency is overestimated in comparison with the experimenartita
the steady case, wiicould be a result of incurred numerical errors

X Both globally and locally, there are negligible variations between the two instahies
is because the centrifugal compressor employed in the presented study has a vaneless
diffuser between the impeller and the volute. Further to this, both operating speeds are
relatively high in this case compared to that of fans and pumps thus, capturing these
effects is challengingStudies for Meakhail and Park (2005) also obtained poor
guantitative unsteadyresults vhhen studying the interaction between impeller, vaned
diffuser and voluten a centrifugal farand required improved to capture true transient
interaction [ 6].

x The asymmetric ratio for static pressure along the ratirgction is predominantly
asymmetric towards the outer curve at both operating sp8&atsc pressure along the
axial direction isalmost symmetric at low operating speetl is asymmetric towards the
rear face downstream to 225fior to depicting asymmetry towards the front face
downstream to the outlet high operating speed.

x At low operating speed, there is no influence on the imbalance of static pressure along the
radial direction between the two instancée only influence on the imbalance of static
pressurealong the axial directions presented at the first profile downstreamthe
tongue and only a slight influence on the imbalance of static pressure is identified
between the steady response and the two unsteady responses along both directions

X At high operating speed, there is negligible influence on the imbalance ofpstsstre
along the radial direction between the two instances; most prominent influence on the
imbalance of static pressure along the axial direction is presented between 180 f DQG
minor influence on the imbalance of static pressure is seen betinesteady response
and the two unsteady responses along the radial direcimhthese influence of

imbalances are more prominent along the axial direction
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x The asymmetric ratio for velocity magnitude along the radii@ctionis predominantly
asymmetridowards the inner curve for both operating spe¥etocity magnitude along
the axial direction is asymmetric towards the rear face for all cases at low operating
speegl is asymmetric towards the rear face for the steady case at high operating speed;
andis asymmetric towards the front face for both instantaneous easegh operating
speed

X At low operating speed, the only influence on the imbalance of velocity magnitude along
the radial direction is at 4fbetween the two instances; there is no influence on the
imbalance of velocity magnitude along the axial direction between the two instances; and
there is a significant influence on the imbalance of velocity magnitude between the steady
response and the two unsteady responses along both directions

x At high operating speedhédre is a prominent influence on the imbalance of velocity
magnitude along the radial direction at 270efween the two instanceshere is
predominantlyonly a slight influence on the imbalance of velocity magnitude between
the two instances along bottirectiors; and there is a significant influence tre
imbalance of velocity magnitude between the steady response and the two unsteady
responses along botirections

x The asymmetric ratio for static temperature along the raiiattionis predominantly
asymmetric towards the outer curve for both operating sp&saig temperature along
the axial directionis predominantly symmetric at low operating eppeand asymmetric
towards the front face for all cases at high operating speed.

X At low operating speed, there is no an influence on the imbalance of static temperature
along the radial direction or the axial direction between the two instances; thelgas on
slight, if not negligible, influence on the imbalance of static temperature between the
steady response and the two unsteady responses along both directions.

x At high operating speed, there is no influence on the imbalance of static temperature
along e radial direction between the two instances; the only influence on the imbalance
of static temperature along the axial direction between the two instances isfah2id
is a prominent influence on the imbalance of static temperature between thg stead
response and the two unsteady respoasd5f DORQJ WKH UDGLDO GLUHFWI

f DORQJ WKH D[LDO GLUHFWLRQ.

X The extent of secondary flows inside the centrifugal compressor volute is not a

predominant function of impeller blade position with respect to the volute tongue.
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CHAPTER FIVE: INSTANTANEOUS FLOW CHARACTERISTICS INSIDE A
CENTRIFUGAL COMPRESSORVOLUTE

The conducted analyses provides sufficient knowledge the local performance indicators offers
the global performance indicators for the volute and the turbocharger compressor stage. Given
the information collated, the next e presents the design methodology for the turbocharger
compressor volute for both, symmetric and asymmetric volute types. Steady and instantaneous
investigations have been carried out and the existing volute has been compared against the newly
desigredcentrifugal compressor volute.
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CHAPTER SX: DESIGNMETHODOLOGY FOR A
TURBOCHARGERCOMPRESSORVOLUTE

CHAPTER G
DESIGNMETHODOLOGYFORA
TURBOCHARGERCOMPRESSORVOLUTE

This chapter sheds light onto the journey that discovers the approach taken for designing a

volute. This section explores the design methodology for various symmetric and asymmetric
volute crosssections, which includes that designed to ideal conditiontecteyy frictional

effects and tht designed to actual conditions where frictional effects are incorporated into the
compressor volute design methodology. This methodology has been used to finally design an
asymmetric type compressor volute, which is eatd against the baseline geometry during
steadyconditions discussed for the design flow in Chaptearly instantaneous conditions
similar to Chapter 5 however, in this chapter, the two instances are the maximum and minimum

flow variationswith respectd the revolution averaged.
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6.1 Centrifugal Compressor Volute Design Methodology

Design practices of a turbomachine volute has been extensively and thoroughly investigated in
detail in Chapter 1 and Chapter 2. This is in ortierunderstand the basic principles and
aerodynamic flow characteristics involved to facilitate in the development of deriving a
realistic expressignwhich has not yet been establishdthis section presents the design
methodology for the centrifugal compressor volutes designed to ideal conditions, where
frictional effects have been neglected and designed to actual conditions, where frictional effects
incorporated into the expression employed to develop the centrifugal compressoriwste.

have been gpied into practice with the same compressor stage to numerically understand the

difference in flow structure and behaviour.

6.1.1 Symmetric Volute Design Approximation Neglecting Friction
Initiating from the foundation, ost common existing volute design methodology is defined by

Eck (1973)[24]. Eck derived an approximation for symmetric circular csesgion volite
design that neglects friction. This expression identifies the radius of the spiral passage profile
as a function of the azimuth angle, meaning that as the spiral passage wraps further round, its

profile radius increases proportionally. This approxiorais given by:

anNMg o aM p6
360 %gN 720 &%gN

Equation6.1 Eck’s Frictionless Symmetric Circular Volute Design Approxiomat

The assumptions of this equation are discussed by Mojaddam(2052) (2013)[1, 51] in
Section2.3. The application of this approximation follows the proagsgicted in Figur®.1. It

is necessary for the user to specify some parameters in the equation prior to achieving the
output parametetn this case, numerical investigation of the baseline model had been used to
extract the input parameters of the volume flow rate through the volute, denotedra the
tangential velocity at the volute inlet, denoted hy. The radius of the volute inlet denoted by

r4 is fixed by the radius of the diffuser outlet.

< ) Input parameters Calculate r using Output
Start [, r4,QvC] Equation6-1 parametefr] End

Figure 6.1 Process chart for thapplication of Eck's volute design approximation

Figure 6.1 depicts he flow chart which visually represents the start to finish process of

applying Equation 6.1 into practice. This identifies the input parameters in the expression
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required for the calculation process usiBguation6.1, which in turn provides an output
parameter required for the nestage of the calculation process until the result is achieved. This
LV UHSHDWHG WR GHWHUPLQH WKH UDGLXV IURP f WR

Following this process in applying Eck’s volute design approximation for symmetric circular
crosssection volutes, the meanline as shown in Figugis generatedThis geometry is
importedinto a modelling softwarenamely SolidWorkswhere the meanline is used the
centre poinfor generatinghe profilesfor the scrol] appropriately at numerous azimuth angles

around the volute

0.1 -

0.05 A

0.05 0.1

-0.1 -
Figure 6.2 Volute Design Methodology using Eck's Volute Design Approximation

Ayder (1993) reported that tlsymmetricelliptical volute crosssectionshapas more efficient

[1, 2]. Therefore, dllowing on from Ek based ortquation6.1, Baker (2018)77] derived an
approximation for a volute with elliptical cresectionprofiles, which is defined byquation
6.2.In order to make the area as close as possible to the symmetric circularfprdilealid
evaluationthe a:bratio for the ellipse hatleen specified as 3:2 and 2:3 as depicted in Figure
6.3

Z{G: 742 §—'G
Equation6.2 Baker's Elliptical Volute Design Approximation

Where, Tis that defined in Equation 6.1.
G "W
Equation6.3 Elliptical Ratio
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(b)

Figure 6.3 Symmetric Elliptical Volute CrosSection where (a) is Elliptical 3:2 and (b) is Elliptical 2:3

The process of applying this design methodology is presentédure 6.4.

Start

Input parameters
[ ,r4,Qv.C4]

Calculate r using
Equation6-1

Output parameter
[2b/raK]
From Equatior6-2

Find parameter

[b]

Output
parametef 3

Calculate
3 2¥%3k)
From Equatior6-2

Output
parametefb]

Calculate a using
Equation6-3

parametefa

Figure 6.4 Process chart for the application of Baker's volute design approximation

These approximations are derived for ideal conditions where frictional effects are not
considered and the results obtained neglect frictional losses. Even though studies have been

carried out on volute design considering frictional effects, such as that of Mojastdainil]

and Rezaei 17], no realistic expressionbave beerestablishedn literature to the authors
knowledgein the centrifugal commssor volute design methodolodyquation6.1 had been

derived for fans,however this approximation hdseen widely employed for pumps and
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compressorsCentrifugal gstems that have larger volutes such as fans and pumps have
negligible frictional effect and caafford to ignore this paramete€Conversely, compressors
especially those operating at high pressure conditions, have a much narrower volute passage
where frigional effects arenighly important and hence cannot be ignored in any calculations
[24].

Applications of these expressions are illustrated in APPENDEBfd volute models created

using these expressions are illustrad&PENDIX 6

6.1.2 Symmetric Volute Design Approximation Incorporating Friction
Skin friction are thehighestcause of lossewithin the centrifugal compressor§]. These

lossesin the volute manifest as total pressure loss (pressure drop) or as entropy gain in the
direction of flow, meaning that this fall in energyL OO WDNH SODFH DW WKH YROX
The volute is designed to ensure that static pressure remains constant over the periphery of the
impeller. The periodic pressure fluctuations that transpire in the impeller causes unsteady flow,
hence it is assumed that impeller losses will increase. There are two effects that friction has in

the volute:

(1) Frictional head loss in the volute (fall in energy
(2) Flow reduction through the impeller as an effect of unsteady static pressure at the

impeller periphery.

These can be overcome by slightly increasing the @®@stsonal area of the volute. The volute

design considering friction is based on the principlgd017, 24, 51]
(1) Continuity:
% s = %o
Equation6.4 Volute Design Principle of Continuity

(2) Energy Equation:

5, %%°_ 3, ®°

Z = — + D
eC 2C eC 2C

Equation6.5 Volute Design Principle of Energy Equation

In order to compensate for the pressure loss due to frictional effects, it is assumed that there

pressure will be the sanpg, 24]
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(3) Friction Head Loss:

The effect of friction resulting pressure losspgproximatedisingEquation 6.6

8@ .

@b 2 Cég

Equation6.6 Volute Design Principle dfriction Head Loss

Using the principles in Equation 6.4, Equation 6.5 and Equation 6.6 under the assumptions
stated, givegquation 6.7
%%

d FF—Gl
o

Equation6.7 Volute Design Principle of Head Loss

From this, the approximation for symmetric circular crssstion volute design incorporating

friction as a parameter has begderived givingEquation 6.8

N, &
N'= ©®eé

8§05 F2CD

Equation6.8 Symmetric Circular CrosSectionvolute Design Expression Incorporatifgiction

Whereh is computed from Equatioh27,where kg and D from Equatiori.28is computed
from in APPENDIX7 and APPENDIX § respectively; r is computed from Equatiéni; and
Cav is obtained from the numerical simulation of the symmetric circular -s@s#oned volute

designed usingquation 6.1.

When considering friction into the calculation for volute design, new quantities of fluid are
introduced into the volute crosectional area, as well as throdgw velocity distribution
following other laws. Within the volute, the flow slows dowand follows a spiral path
meaning the curvature of the volute inlet produces disturbances. Where streamlines are curved
and flow is deceleratan a duct, secondary flow transpires. The streamlines are steeper at the
centre of the volute crossection than at the boundaries and the path of each fluid particle
during secondary flow elongates, having a greater average velocity than without secondary
flow. Consequently, the influence of friction onetvolute is much larger than calculations
solely based on the mean velocities. There is greater centrifugal force through the centre of the
volute profiles than at the sides due to the fluid particles in the freestneamg greater flow
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velocity than hat decelerated at the walls of the duct as a result of friction. These fluid particles
are vigorously pushed outwards whilst at the exit cone, a double vortex transpires
superimposing on the main flow causing a significant separation of the central layer of flow,
predominantly that entering the exit cone sector of the viddie The process of applying this
design methodology is presented in Figure 6.5.

Start

Input parameters Calculate r using Output Model and
[ ,r4,Qv,CH] Equation6-1 parametefr] Simulate
Output parameter Calculate f using Input parameters
[f] Equation1-27 [Cav, |, &]
Input parameters &DOFXQusivgH "3 Output parameter
[Leq D, !, Cav] Equation1-27 [73]
I
Input parameters Calculate h using Output parameter
[ Equation1-26 (h]
J
Input parameters Calculate r' using Output parameter
[r, Cav, g] Equation6-7 [r]
End

Figure 6.5 Procesd-low Chart for the Applicatiof Symmetric Circular CrosSectionVolute Design
IncorporatingFriction

For the elliptical crossections, the friction incorporated expression is given by:

='"= i Sr— ¢

8§80 F2CD 8§02 F2CD

Equation6.9 SymmetricElliptical CrossSectionVolute Design Expression Incorporating Friction
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The process of applying this design methodology is presentéadure 6.6.

Start

Input parameters
[ ,r4,Qv,Cu4]

Output parameter
[2b/r4k]
From Equatior6-2

Find parameter

(o]

Calculate r using
Equation6-1

Calculate
3 2¥3k)
From Equatior6-2

Output
parametefb]

Model and
Simulate

Input parameters
[Cay, !, ]

Input parameters
[Leq D, !, Cav]

Input parameters
[Ld

Input parameters
[a b, Cav, g]

Output
parametef 3

Calculate a using
Equation6-3

Output
parametefa]

Calculate f using
Equation1-27

Output parameter

[f]

[

|

&DOFXQIsWWgH ~3
Equation1-27

Output parameter
["3]

l

|

Calculate h using
Equation1-26

Output parameter

(h]

l

|

Calculate a’ and b’ using
Equation6-9

Output parameter

[r]

End

Figure 6.6 Procesg-low Chart for the Applicatioof Symmetric Elliptical CrosSectionvVolute Design
IncorporatingFriction

Applications of these expressions dhastrated in APPENDIX 5and volute moded created
using thes expressioa are illustrated iIMPPENDIX &
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6.1.3 Asymmetric Volute Design Approximation
In order to grasp the foundations of volute design, symmetric type volutes with various cross

sections are explored. From here, the next step is to develop a design methodology for the
asymmetric type voluteirce the existing volute is @lsasymmetric.The asymmetric type

volute has beenproven to perform more efficiently than the symmetric type votlute to

having lower loss coefficientThe double vortex in the symmetric type volute results in
significant separation, predominantlyith the inflow tothe discharge duct, hence Oesterlen
(1935) proposed the asymmetric volufEhe experimental findingsevified the single vortex

inside the asymmetric volute had significantly lower losses and some undesired separation had
been avoide@24, 79]. For this reason, the asymmetiype volute is more commonly used and

the design of this is defined by:

N= N
Equation6.10 Baker's Asymmetric Volute Design Approximation

Where Kk is the constant and is defined by:

&= —— Halp+ 1h
2o " IRP

Equation6.11 Baker's Asymmetric Volute Design Approximation Constant Parameter

Similar to the elliptical crossections, this generates craestion profiles. The process of
applying this design methodology is presented in Figure 6.7.
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Input parameters
[ r4Qv.Cu

Calculate r using

/

Output
parametefr]

Output parameter

(fl

|

Calculate f using
Equationl-27

Input parameters
[Leq, D, !, Cav]

!

&DOF XQIsIVH “3

Equation1-27

Input parameters
[Ld

Model and
Simulate

Input parameters
[Cay !, &]

Output parameter
["3]

l

|

Calculate h using
Equationl-26

Input parameters
[r,Cav, ]

Output parameter

(]

l

|

Calculate r’ using
Equation6-7

Input parameters
(b4

Output parameter

(]

|

|

Calculate k using
Equation6-11

Input parameters
[k ]

Calculate t using
Equation6-10

Output parameter

(K]

Output parameter

(]

End

Figure 6.7 ProcessFlow Chart for the Applicatiomf Asymmetric Circular CrosSectionvVolute Design
IncorporatingFriction

The application of this expressionilkstrated APPENDIX 5 and the volute model created
using this expression iBustrated inAPPENDIX 6
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6.2 Centrifugal Compressor Volute Investigation Details

This section places the aforementioned calculations and research collated into practice for
volute design. The following investigates the effect of volute designed neglecting friction and
incorporating friction. Sixdifferent symmetric type volutes have been designed in order to
investigate the frictional effectsithin centrifugal compressors. Additionally, one asymmetric
volute incorporating frictional effects in its design has been developed in order to compare and
evaluate this with that which currengists, analysed in the previous two chapteetails of

these models are givenTable 6.1.

Table6.1 Details of the Investigated Centrifugal Compressor Volute Models

TYPE CROSSSECTION EXPRESSION FRICTIONAL
EFFECTS
Symmetric Circular Equation6.1 No
Symmetric Elliptical 3:2 Equation6.2 No
Symmetric Elliptical 2:3 Equation6.2 No
Symmetric Circular Equation6.8 Yes
Symmetric Elliptical 3:2 Equation6.9 Yes
Symmetric Elliptical 2:3 Equation6.9 Yes
Asymmetric Circular Equation6.10 Yes

The ideal models are referred to those which have been designed to neglect frictional effects,
while the actual models are referred to those which have been designed to incorporate frictional

effects, providing a realistic expression for designing the centrifugal compressor volute.

The volute has been cut off880f LQ FRPSOLDQFH ZLWK /«GWNH GXH
for the volute to wrap around. From this-oit, the geometric modelling of the exit cone to the

outlet has followed the same procedure drmodels, in terms of the angles and distances
specified in order to maintain consistency between both models, for the new profiles to be
generated. These new profiles withir txit cone increases significanttyarea compared to

the scroll. Due to the nature of the craggtion shape, the first piief after the tongue and the

geometry downstream of the enff are located at different azimuth angles for each model.
Extended inlet and outlet pipes had been extruded from the inlet duct and discharge duct,

respectively, in accordance with that aforetrmred in €ction 3.2.1 Geometry
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6.3 Global Performance Evaluation of the Symmetric Type Volute for

Centrifugal Compressor
This section presents the performance of the turbocharger compressor stage and its symmetric
typevolute across low operating speed of 580BSV ¥. DQG KLJK RSHBUDWV GFJ VSHE
at high, design and low flow rateBhe emphasis in the following sections are to characterise
the flow features where losses are present and must be accounted forpgratog this into
the design process&ince the volute is designed to the best efficiency design point at high
operating speed, it has been selected to carry fboiv field investigatios through the

components of the turbocharger compressor stage lsvbesen presented.

6.3.1 Turbocharger Compressor and Volute Performance with Symmetric Type Volutes
Table 6.2 detailsthe total4o-total pressure ratiPR) and the isentropic efficiendy ) of the

turbocharger compressor stagéhich provides information on the system performariedle

6.2 also details the total pressure loss coeffic{&) and static pressure recovery coefficient
(Cp) of the volute, which provides information on the component performance. Although the
volute had been design to the design flow aR98.S V, this sector of the invégation has

been carried out acro$sw operating speed of 5899 SV ¥. DQG KLJK RSHUDWLQJ \
U SV a¥ high, design and low flow rateghis is to gain a clear understanding of how these
various crossections behave over a wide ramgenass flow ratesThe results comprisef the
compressor volute designed to ideal conditions; where the effects of friction are not considered
in the expressions employed to design the compressor volute, and of the compressor volute
designed to actual conditions; where the effects of friction are incorporated in the expressions
employed to design the compressor voliResults in Tablé.2 identify the ellipse 2:3 cross

section shapes have theghest centrifugal compressor isentropic efficieneiich occurs at

design flow of 58.9U S V operating speetbr the volute designed to both, ideal and actual
conditions. The volute designed to actual conditions depicts higher isentropic efficiency results.
The lowest centrifugal compressor performance occurs at low flow of B&Y operating
speedfor the vdute designed to actual conditions with all cresstions For the volute
designed to ideal conditions, the lowest centrifugal compressor performance occurs only with
theellipse 3:2 crossection shape and remains to be slightly higher than that deswmaetlal
conditions The highest total pressure loss occurs at high flow of 889V o¥erating speed

for the volute designed to both, ideal and actual conditietisellipse 3:2 crossectionshape.

The volute designed to ideal conditions depictshéigtotal pressure los$he lowest total
pressure loss occurs at low flow of 5889SV ¥. IRU W K H -gettidriisKapdiegaréingR V V
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the volute designed to ideal conditions and for thpse 2:3 crossection kaperegarding the

volute designed to actual conditioi$ie highest static pressure recovery ocetitew flow of

589USV ¥. RSHUDWLQJ VSHHG IRU YROXWHYV GHVLIJQHG WR E
circular and ellipse 2:3 crosection shapes. Alitionally, the ellipse 2:3 crossection shape

also depicts highest static pressure recovery at 982V ¥. RSHUDWLQJ VSHHG 7KH
pressure recovery occuas high flow of 58.9USV ¥. RSHUDWLQJ VSHHG IRU YR(
both, ideal and agtl conditions with the ellipse 3:2 cressction shapedVith respect to the

static pressure recovery through the compressor volute against the total pressure loss, it is
noticed at low flow of 58.9USV ¥. RSHUDWLQJ VSHHG WKH YROXWH Gl
show improved recovery against that which is lost i@ ¢ircular crossection shape, while

the volute designed to actual conditions show improved recovery against that which is lost for

the ellipse 2:3 crossection shape.

Table6.2 Compressor and Volute Performance of various Symmetric Sestsons Designed to Ideal and Actual

Conditions
VOLUTE DESIGN TO VOLUTE DESIGNTO
IDEAL CONDITIONS ACTUAL CONDITIONS
CrossSection| Speed | Flow | compressor| Volute Compressor|  Volute
Shape >USV |¥Rate | performance| Performance| Performancd Performance
PR PR

m1 | >d P | P lpm|>d | ©p

High 1.3 64 08 | -02 | 13 | 65 0.8 | -0.2

58.9 Design| 1.5 79 0.5 0.3 15 | 79 0.5 0.3

_ Low 1.6 59 0.3 0.6 1.6 | 56 0.4 0.6
Circular _

High 2.1 64 08 | 01| 2.1 | 66 08 | -0.1

98.2 Design| 2.7 79 0.5 0.4 27 | 78 0.5 0.4

Low 2.9 66 0.4 0.5 28 | 65 0.4 0.5

High 1.3 64 08 | -02 | 13 | 66 0.7 | -0.2

58.9 Design| 1.5 81 0.4 0.4 15 | 82 0.4 0.4

. Low 1.6 58 0.4 0.6 1.6 | 56 0.3 0.6
Ellipse 2:3 _

High 2.0 62 0.6 0.1 22 | 67 0.6 0.0

98.2 Design| 2.7 80 0.4 0.4 2.7 80 0.4 0.5

Low 2.9 70 0.4 0.6 29 | 66 0.4 0.6

High 1.3 61 10 | -04 | 1.3 | 62 09 | -04

58.9 Design| 1.5 80 0.5 0.3 15 | 80 0.5 0.3

. Low 1.6 57 0.4 0.5 1.6 | 56 0.5 0.5
Ellipse 3:2 _

High 2.1 65 08 | -02 | 22 | 66 08 | -0.1

98.2 Design| 2.7 78 0.5 0.4 27 | 78 0.5 0.3

Low 2.9 67 0.4 0.5 29 | 65 0.4 0.5
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Onwards from here, the focuss solely on that simulated at the design point at which all the

models have been designed to, namalyhe operating speed of 98.LS V a¥design flow.

6.3.2 Global Static Pressure through Symmetric Type Volutes
Figure 6.8 depicts the static pressure at (a) the inlet and (b) the outlet of each of the

components in the turbocharger compressor sthg@n be seen that static pressure decreases
slightly at the outlet of the inducer from the inlet, while downstream components increase in
static pressure at the outlet from the inlet. The most significargaserin outlet static pressure
from the inlet static pressure & the impeller. In Figuré.8 (a), minimal static pressure
variations at the inlet idepicted between the ideal and actual cases at the inducer and impeller,
however at the diffuser and volute, these variations are more prominent. In &gy,
minimal static pessure variations at the outietdepicted between the ideal and actual cases at
the inducer and volute, however at the impeller and diffuser, these variations are more

prominent.

Table 6.3 details static pressure difference in the volutes designed to actual conditions against
volutes designed to ideal conditions. At the inlet, it can be observed the highest variations
occur in the diffuser for ellipse 3:2 cressction shape, where the volute designed to actual
FRQGLWLRQV LGHQWLILHV LQFUHDVH LQ VWDWLF SUHVYV
designed to ideal conditions. For the ellipse 2:3 eses$ion shape, tHéH LV VWDWL
pressure decrease in the inducer and impeller for the volute designed to actual conditions
compared to that depicted for the volute designed to ideal condifibtise outlet, it can be

observed the highest variations occur in the ingpdtir the ellipse 3:2 crossection shape

ZKHUH WKH YROXWH GHVLIJQHG WR DFWXDO FRQGLWLRQV
compared to that depicted for the volute designed to ideal condiionghe ellipse 2:3 cross

section shape, thereis0 GHFUHDVH LQ VWDWLF SUHVVXUH DW WKH LC
actual conditionssompared to that depicted for the volute designed to ideal conditions. The
highest static pressure variation through the component between the inlet and outlet occurs in

the volute for ellipse 3:2rossVHFWLRQ VKDSH 7KLV GHSLFWYV VWDWL
volute designed to actual conditiooempared to that depicted for the volute designed to ideal
conditions. Furthermore, there is a static pressur€i HOD VH R the ellijd&J2:3 cross

section shape in volute designed to actual condittonspared to that depicted for the volute

designed to ideal conditions.
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Figure 6.8 Static pessureat (a) inlet and (b) outledf eachstationin the tirbocharger compressor stage

Table6.3 Static Pressure Variation of volute designed to actual conditions against volute designed to ideal
conditions

6.3.3 Global Velocity Magnitude through Symmetric Type Volutes
Figure 6.9 depicts the velocity magnitude at (a) the inlet and (b) the outlet of each of the

components inthe turbocharger compressor stage. It can be seen that velocity magnitude
increases at the outlet of the inducer and impeller from the inlet, while downstream
components decrease in velocity magnitude at the outlet from the inlBtgure 6.9 (a),
minimal velocity magnitude variations at the inlet of the impeller is depicted between the ideal
and actual cases, however these variations are more prominent at the imdeicgire6.9 (b),
minimal velocity magnitude variations at the outlet is depicted between the ideal and actual

cases at the inducer, however these variations are more prominent in the volute.

Table 6.4 details velocity magnitude difference in the volutes designed to actual conditions
against volutes designed to ideal conditions. At the inlet, it can be observed the highest

variations occur in the volute for the ellipse 3:2 cresdion shape where the volute designed
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WR DFWXDO FRQGLWLRQ LGHQWLILHYV YHORFLW\ PDJQLW
the volute designed to ideal conditions. For the circular €k086FWLRQ VKDSH WKHUI
velocity magnitude decrease in the inducer for the volute designed to actual condition
compared to that depicted for the volute designed to ideal condifibrise outlet, it can be

observed the highest variations occur in the vdlutehe ellipse 2:3 crossection shape where

the voOXWH GHVLIJQHG WR DFWXDO FRQGLWLRQV LGHQWLILHYV
to that depicted for the volute designed to ideal conditiéoisthe circular crossection shape,

WKHUH LV GHFUHDVH LQ YHORFLW\ P® acuaVexn@ittbond RU W K|
compared to that depicted for the volute designed to ideal conditions. The highest velocity
magnitude variation through the component between the inlet and outlet occurs in the volute

for ellipse 2:3 crossection shape. This depicts a G HF UH D V HheRvblute desRnéd to

actual conditionscompared to that depicted for the volute designed to ideal conditions.
IXUWKHUPRUH WKHUH LV LQFUHDVH LQ YHORFLW\ PDJQ
and ellipse 3:2 crossectionshapes for the volute designed to actual conditcmmspared to

that depicted for the volute designed to ideal conditions.
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Figure 6.9 Velocity Magnitude at (a) inlet and (b) outlsfteachstationin the tirbocharger compressor stage
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Table6.4 Velocity Magnitude Variation of volute designed to actual conditions against volute designed to ideal
conditions

6.3.4 Global Static Temperature through Symmetric Type Volutes
Figure 6.10 depicts the static temperature at (a) the inlet and (b) the outlet of each of the

components in the turbocharger compressor stagan be seen that static temperature slightly
decreases at the outlet of the inducer from the inlet, while downstream components increase in
static temperature at the outlet from the inlet. The most significant increase in outlet static
temperature from the inlet static temperature is at the impeller. In FogLd€a) and Figure
6.10(b), there are no or negligibktatic temperature variations depicted between the ideal and

actual cases.

Table 6.5 details static temperature difference in the volutes designed to actual conditions
against volutes designed to ideal conditions. At the inlet, it can be observed the highest
variations occur in the voluter ellipse 2:3crosssection shape, where the volute designed to
actual conditions identifies 0.2 L Q F U H D \étnpe@tuxaahipsvddRo that depicted for

the volute designed to ideal conditions. At the outlet, it can be observedjtiesthwariations
occur in the diffusefor the ellipse 2:3rosssection shape where the volute designed to actual
conditions identifies 0.2 L Q FU H D V mp&ativedbDpered to that depicted for the
volute designed to ideal condition¥he highest statidemperaturevariation through the
component between the inlet and outlet occurs in the volute for ellipgeo®ssection shape.

This depicts 4.9 V WténWdrdturedecrease for the volute designed to actual conditions
compared to that depictedrfthe volute designed to ideal conditions. Furthermore, there is a
statictemperaturencrease of O | tReJellipse 3:Zrosssection shape in volute designed to

actual conditiongompared to that depicted for the volute designed to ideal conditions.
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Figure 6.10 Static Temperature at (a) inlet and (b) outdétachstationin the urbocharger compressor stage

Table6.5 Static Temperature Variation of volute designed to actual conditions against volute designed to ideal
conditions

6.4 Local Performance Evaluation of the Symmetric Type Volute for
Centrifugal Compressor

This section explores the performance and flow behavinside centrifugal compressor

symmetric type volutes and how various symmetric esegsions behave against the other.

Variations between volutes designed to neglect frictional effects and to that which incorporates

frictional effects into its equation have been quantified.

6.4.1 Local Static Pressure through Symmetric Type Volutes
Figure 6.11 depicts the behaviour of static presstimough symmetric type volutes, ndye

those designed to ideal conditions and those designed to actual conditions with circular, ellipse
2:3 and ellipse 3:2 crosection shape#n the case of volutes designed to ideal conditions with

circular and ellipse 3:2 cros®ction shapes, static pressure increases considerably from the
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first profile to 45f. From here, it maintains fairly uniform tof@@or to increasing at 13=apd
maintaining fairly uniform to 330 f, where static pressure increasing significantly to the outlet
of the volutesin the case of volutes designed to actual conditions with circular and ellipse 3:2
crosssectionshaps, static pressure increases considerably from the first profile to 90 f. From
here, it maintains fairly unifornprior to decreasing at 313q 330 f, where static pressure
significantlyincreaseso the outlet of the volutegor the ellipse 2:3 crossection shape volute
designed to ideal conditions, static pressure decreases from the first profile befoef
increasing to 135 f. From here to 33lgtic pressure maintains fairly uniform prior to
decreasing at 310 330 f, where static pressure significantly increases to the outlet of the
volute. For the ellipse 2:3 crossection shape volute designed to actual conditions, static
pressure increases to 90ofm which attains reasonable uniformity to 315 f. From here to 330 f,

static pressure decreases before increasing considerably to the outlet of the volute.

Table6.6 details static pressure variation through symmetric type volutes from one plane to the
next around the volute and the static pressure variation at each plane against that depicted at the
outlet. These volutes are namely, those designed to ideal conditions and those designed to
actual conditions with circular, ellipse 2:3 and ellipse 3:2 esession shape#®nalysing the

plane to plane variation, it is identified for all volute crssstionshapes designed to ideal and
actual conditions, the highest static pressure variacmurs from the cuoff location to the

outlet. In the cases for the volute designed to ideal conditions, there are no static pressure
variations exhibited from 315¢ 330 ffor the cases of circular and ellipse 3:2 crssstion

shapes, while ellipse 2:3 cressction shape depicts no variation at 186180 f. In the cases

for the volute designed to actual conditions, ministatic pressure variations are exhibited

from 270 fto 315 ffor the cases of circular and ellipse 3:2 cresstion shapes, while ellipse

2:3 crosssection shape depicts minimal variations at i85 180 f Analysing the static
pressure variation of that depicted at the plane against that depidtedoatlet, it is identified

the highest variation in the cases for the volutes designed to ideal conditions occur in the first
profile with circular and ellipse 3:2 croesection shapes, while for ellipse 2:3 crgsstion

shape the highest static pressuaeiation occurs at 90Ifi.the cases for the volute designed to
actual conditionshighest static pressure variations odouthe first profile for all crossection

shapesFurther to this, lowest static pressure variations occur at 315 f for all cases.
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Figure 6.11 Static Pressure through the Symmetric Type Volute

Table6.6 Static Pressure Variation through Symmetric Type Volutes
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6.4.2 Local Velocity Magnitude through Symmetric Type Volutes
Figure 6.12 depicts the behaviour of velocity magnitude through symmetric type volutes,

namely, those designed to ideal conditions and those designed to actual conditions with
circular, ellipse 2:3 and ellipse 3:2 cresection shapes. Aside frothe ellipse 3:2 cross
section shape volute designed to ideal conditions, all cases depict deceleration from the first
profile to 90 f. From herdeceleration continues to 31With minor fluctuations. There is

slight acceleration to 33ffor those cases designed to actual conditions, while those designed
to ideal conditions attain uniform velocity magnitude. From 38@l6city magnitude for all

cases decelerategynificantly to the outlet of the volute.

Table 6.7 details flow velocity magnitude variation through symmetric type volutes from one
plane to the next around the volute and the flow velocity magnitude variation at each plane
against that depicted at the outlet. These volutes are namely, those designed to ideal conditions
and those designed to actual conditions with circular, ellipse 2:3 and ellipse 3:3eutiss
shapes. Analysing the plane to plane variation, it is identified for all volute ®eosen shapes
designed to ideal and actual conditions, the highest flow velocity magnitude variation occurs
from the cutoff location to the outletIn the cases for the volute designed to ideal conditions,
lowest flow velocity magnitudeariations exhibited from 315t¢ 330 ffor all volute cross

section shapedn the cases for the volute designed to actual conditmmesst flow velocity
magnitudevarations are exhibited from 9Q¢ 135 ffor the cases of circulacrosssection

shape; from 270tp 315ffor ellipse 2:3 crossection shape; and from 18@ 225 for ellipse

3:2 crosssection shapéAnalysing the flow velocity magnitude variation of that depicted at the
plane against that depicted at the outlet, it is identified the highest variation in the cases for the
volutes designed to ideal conditions occur in the first profile with circular and ellipseo23

section shapes, while for ellipse Ifbsssection shape the highest flow velocity magnitude
variation occurs at 451h the cases for the volute designed to actual condittogkestflow

velocity magnitude variations occur in the first profile for all cresstion shapes. Further to

this, lowest flow velocity magnitude variations occur 803Jand 315 for all casesvhere the

volute has been designed to ideal conditions and volutes designed to actual conditions,

respectively
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Figure 6.12 Velocity Magnitudehrough the Symmetric Type Volute
Table6.7 Velocity Magnitud&/ariation through Symmetric Type Volutes
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6.4.3 Local Static Temperature through Symmetric Type Volutes
Figure 6.13 depicts the behaviour of static temperature through symmetric type volutes,

namely, those designed to ideal conditions and those designed to actual conditions with
circular, ellpse 2:3 and ellipse 3:2 cressction shapes. Aside from the ellipse 3:2 cross
section shape volute designed to ideal conditions, all cases depict an increase in static
temperature from the first profile to 0 In the case of the ellipse 3:2 cimssion shape
volute designed to ideal conditions, static temperature slightly decreases from the first profile
to 45 fprior to increasing to 90 f. Aside for the circular and ellipse 3:3-s®oisn shape
volutes designed to actual conditions, adses attain reasonable uniformity in static
temperature to 315 f. For the circular and ellipse 3:3-secisn shape volutes designed to
actual conditions, static temperature decreases slightly tgf @38 attaining reasonable
uniformity to 315 f. For those volutes designed to ideal conditions, uniform static temperature is
attained to 330fbllowed by a substantial increase in static temperature. For those volutes
designed to actual conditions, there is a slight static temperature decrease pa@330 fhe

substantial static temperature increase to the outlet of the volute.

Table6.8 details static temperature variation through symmetric type volutes from ometplan

the next around the volute and the static temperature variation at each plane against that

depicted at the outlet. These volutes are namely, those designed to ideal conditions and those

designed to actual conditions with circular, ellipse 2:3 an@salli3:2 crossection shapes.

Analysing the plane to plane variation, it is identifedtdvolute crosssection shapes designed

to ideal conditions have highest static temperature variation fromt83@¢ outlet, while all

volute crosssection shapes dgsed to ideal conditions have highest static temperature

variation from45%090f 7KHUH DUH QR VWDWLF W HféralHladesNriEsmyH YDUL
f WR f ITRU W &ghed e @a¥vddnditianbl In addition to this, there are no

variations in static temperatufoml1l f WR f IRU H O-8ectbwV shapéor Folue V V

designed to both actual and ideal conditions. Furthermore, ellipse 2:3seai&s1 shape

YROXWH GHVLIQHG WR DFWXDO FRQGLWLRDYGGHIL MWKV

3:2 crosssection shape volute designed to ideal conditions, depict no static temperature

variation froP  WKH ILUVW S Anmly&iyHheWsktic t¢gmperature variation of that

depicted at the plane against that depicted at the outlet, it is identified the highest variation

occurs in the first profile for all cases. It is also identified the lowest variation occurs fn 315

for all cases for the volute designed to both idwal actual conditions. In addition to this,
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lowest variéion also occurs for all cross section shapes at 330those designed to ideal

conditions
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Figure 6.13 Static Temperaturthrough the Symmetric Type Volute

Table6.8 Static Temperatur¥ariation through Symmetric Type Volutes
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6.4.4 Head Loss Variation through Symmetric Type Volutes
In order to quantify the frictional effecésnong these various symmetric type vaupgessure

head loss inarred inside the volute, the amount of energy that needs to be riseorder to
overcome frictional losses have been investigg#¥] Since the source of this head loss is
viscosity and has direct relation to wall shear stf23$$ the effect of wall shear stress on the
volute casings have also been invgetied. The correlation between head loss and wall shear
stress, which are associated to the vortices in the volute cross section have different
performance characteristics in symmetric volutes and asymmetric va0{e3 liis focuses on

the scroll of the volute in order to evaluate the expressions employed during the design

methodology of the centrifugal compressor volute.

Figure6.14 depicts the wall shear stress incurcedsections of the scroll of the volute casing.

It can be seen that wall shear stresses initially increases in the scroll then decrehsdgst

section of the scroll, wall shear stresses are higher in volutes designed to actual conditions for
the ellipse 2:3 and ellipse 3:2 cres=ction shapes, whereas the volute designed to ideal
conditions show higher wall shear stress for the circular @stion shapeln the second
section of the scroll, wall shear stresses for all esession shapes in volutes designed to
actual conditions are higher than those designed to ideal condlhahe third section of the

scroll, wall shear stregs are higher for the circular and ellipse 2:3 esestion shape volutes
designed to actual conditions than those designed to ideal conditions, while for ellipse 3:2 wall
shear stress is higher for the volute designed to ideal conditions than thaedédsigctual
conditions. Downstream sections to the last section, all esestion shapes for volutes
designed to ideal conditions depict higher wall shear stresses than for those designed to actual
conditions. In the last section, wall shear stressesigher for circular and ellipse 3:2 cross
section shape volutes designed to ideal conditions, whereas for ellipse 2:8ectoss shape

volute designed to actual conditions has higher wall shear shes&8PPENDIX 9for further

details.
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Figure 6.14 Comparison of wall shear stress on the symmetric type centrifugal compressor volute casing

Figure 6.15depicts the head losses incurring through sections of the scroll of the volute casing.
The similar trends can be identified here as that in Fidgufel, which signifies the
interrelationship between wall shear stress and head loss. In the first section of the scroll, head
losses are higher in volutes designed to actual conditions for the ellipse 2:Bipsel 32
crosssection shapes, whereas the volute designed to ideal conditions show higher head loss for
the circular crossection shape. In the second section of the scroll, head losses for all cross
section shapes in volutes designed to actual conditare higher than those designed to ideal
conditions. Downstream sections to the last section, all eses$ion shapes for volutes
designed to ideal conditions depict higher head losses than for those designed to actual
conditions. In the last section, head losses are higher for circular and ellipse 3:Qectuss

shape volutes designed to ideal conditions, whereas for ellipse 2:3seotss shape volute
designed to both ideal and actual conditions have the same heafdeA8®PENDIX 10for

further details.
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Figure 6.15 Comparison of head loss through the symmetric type centrifugal compressor volute
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6.5 Global Performance Evaluation of the Asymmetric Type Volute for
Centrifugal Compressor

Now that symmetric type volute cressctions have been explored, an asymmetric type volute

has been investigated in the forthcomingisest Since the existing volute, (refed as CTT in

the forthcoming sections), ialso an asymmetric type volutthe new asymmetric volute

(referred as Asymmetric in the forthcoming sections) designed to actual conditions

incorporating friction as a parameter using the novel design metlyydblas been developed.

The Asymmetricvolute has beencomparedand evaluated againgte CTT volute to determine

the locations of the flow fieldariations to characterise the lossésghlight the strengths and

weaknesses of the two casasdto verify the design methodology.

6.5.1 Turbocharger Compressor Performance with Asymmetric Type Volutes
Figure 6.16 depictsthe turbocharger compressor performance comparisoheoéxperimental

data and its corresponding numerical data, referred as Wit the numerical data of the
turbocharger compressor stage fixed with the newly desigagmmetric voluteFigure 6.16

(a) depicts the turbocharger compressor map and F@yate (b) depicts the turbocharger
compressorisentropic efficiency map. In Figuré.16 (a), the asymmetric volute is in
reasonable agreement with CTT and the experimental data at low operating speed of
58.9 U S V. At.high operating speeaf 98.2 U SV, tafalto-total pressure ratio for asymmetric

is lower than bdt the experimental data and CTT at low flow rate and design flow rate,
whereasat high flow rate,totalto-total pressure ratio is slightly higher than that of the
experimental data and lower than that of CTi.Figure 6.16 (b), there are significant
isentropic efficiency variations between asymmetric and experaneag well as with
asymmetric and CTT. Mimal isentropic efficiency variances are depicted between
asymmetric and CTT at low flow rate where asymmetric is slightly higher;batdeen
asymmetric and experimental at design flow rabtere asymmetric is slightly lower, for the
low operating speed d8.9 U S V. At.high operating speed of 98.2 U S dsynmetric is
distinctly lower than both experimental and CTT at low flow rate and design flow rate. At high

flow rate asymmetric has higher isentropic efficietitan experimental and lower than CTT.
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(a) (b)
Figure 6.16 Asymmetric Volute an@TT VoluteTurbocharger Compressor Performance Comparison of (a)
CompressoMap (b) IsentropicEfficiency Map

6.5.2 Turbocharger Compressor Volute Performance with Asymmetric Type Volutes
Figure 6.17 depicts the overall turbocharger compressor volute performance comparison of

asymméric with the CTT. Figure6.17 (a) depicts the static pressure recovery through the
compressor volute anBligure 6.17 (b) depicts total pressure loss through the compressor
volute. In both figures, there are substantial variations depicted between the two cases. In
Figure6.17 (a) static pressure recovery coefficient for asymmetric is less than that depicted for
CTT, identifying less variation at high flow rate for both operating spdeds.also noticed

that at both operating speeds, the Asymmetric volute depict a static pressure recovery
coefficient below zero. This suggests there are more pressure losses incurring at the choke
condition than pressure recovery due to secondary flows causing head loss as af result
friction. In Figure6.17 (b) total pressure loss coefficient for asymmetric is significantly higher

than that depicted for CTfbr both operating speeds

(a) (b)
Figure 6.17 Asymmetric Volute an@TT VoluteTurbocharger Compressor Volute Performance Comparison of
(a) Static Pressure Recovery Coefficient (b) Total Pressure Loss Coefficient
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6.5.3 Global Static Pressure through Asymmetric Type Volutes
Figure 6.18 depictsstatic pressurevariation in the turbocharger compressor staggh the

asymmetric volute at design flow rate operating at a speed of 9&2mhereFigure6.18(a)

depicts the static pressure contour; FighuE8 (b) depicts the inlet static pressure comparison

with CTT; and Figures.18 (c) depicts the outlet static pressure comparison with. Eigure

6.18 (a) depicts similar trends abat of CTT aforementioned in Chapter 4. Upstream of the

volute, static pressure behaviour appears the same however in the volute, there appears to be

some noruniformities occurring in the tail of the volute in the initial stages of inflow.

Downstream ofthis, static pressure is uniform. Highest static pressure variation inside the

FRPSRQHQW RFFXUV LQ WKH LPSHOOHU ZKHUH VWDWLF S|

compared to that at the inlet. Lowest static pressure variation inside the component occurs in

WKH YROXWH ZKHUH VWDWLF SUHVVXUH LQFUHDVHV E\ L

Figure6.18(b) identifiesthat the inflow static pressure is hay for asymmetric than for CTT

for all components. This is also the caseFigure 6.18 (c) for the outflow static pressure,

however, there are no variations at the volute outlet between asymmetric an@d@ifgared

with the CTT case tatic pressure through the component for the asymmetric case decreases by
WKURXJK WKH LQGXFHU LQFUHDVHV E\ WKURXJK WK

WKURXJK WKH Giffuser and vol@egeraipgdsvehserved that static pressure
increases through all components with the asymmetric volute in comparison with the CTT

volute.
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Figure 6.18 Static Pressur&ariation in the Turbocharger Compressor Stagjth the Asymmetric Volute where
(a) static pressure contour (b) inlet static pressure comparison with CTT (c) outlet static pressure comparison

with CTT

6.5.4 Global Velocity Magnitude through Asymmetric Type Volutes
Figure6.19depictsvelocity magnitude variation in the turbocharger compressor stage with the

asymmetric volute at design flow rate operating at a speed of 98&2nwhereFigure6.19(a)

depicts the velocity magnitude contour; Fig@rd9 (b) depicts the inlet velocity magnitude
comparison with CTT; and Figu®19 (c) depcts the outlet velocity magnitude comparison

with CTT. Figure6.19 (a) depicts similar trends as that CTT aforementioned in Chapter 4.
Upstream of the volute/elocity magnitude behaviour appears the same however in the volute,
there appears to be some nomformities occurring in the tail of the volute in the initial stages

of inflow. Highest velocity magnitude variation inside the component odautise inducer
ZKHUH YHORFLW\ PDJQLWXGH LQFUHDVHV E\ DW WKH

Lowest velocity magnitude variation inside the component occurs in the impeller where
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YHORFLW\ PDJQLWXGH LQFUHDVHYV Ethat at theDn¢tRYuWd6. 1R X WO HW
(b) identifiesthat the inflow velocity magnituds lower at the inducer, impeller and volufa

asymmetric than for CT,Twhile being higher at the diffusdfigure6.19(c) identifies thatthe

outflow velocity magnitude is loer for asymmetd than for CTT for all components
Compared with the CTT case, velocity magnitude through the component for the asymmetric
FDVH GHFUHDVHV E\ WKURXJK WKH LQGXFHU GHFUHDVHV
E\ WKURXJK WKH GLIHWHUY D Q @&/ KQHRBKUEK OWitr &lIH the
asymmetric volute depicts that velocity magnitude only increases through the diffuser inlet in
comparison with the CTT volute. Aside from this, the velocity magnitude decreases through all

components for the asynetric volute in comparison with the CTT volute.
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Figure 6.19 Velocity Magnitude Variation in the Turbocharger Compressor Stage with the Asymmetric Volute
where (a) velocity magnitudmntour (b) inlet velocity magnitudmmparison with CTT (c) outlet velocity
magnitudecomparison with CTT
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6.5.5 Global Static Temperature through Asymmetric Type Volutes
Figure 6.20 depictsstatic temperatureariation in the turbocharger compressor stagh the

asymmetric volute at design flow rateepating at a speed of 98.2m%§ whereFigure6.20(a)
depicts the static temperature contokilgure 6.20 (b) depicts the inlet static temperature
comparison with CTT; and Figur@20 (c) depicts the outlet static temperature comparison
with CTT. Figure6.20 (a) depicts similar trends as that of C&lorementioned in Chapter 4.
Upstream of the volute, stattemperaturdehaviour appears the same however in the volute,
thereis a slight fall in static temperatune the initial stages of inflow near the volute tongue.
Downstream of this, static temperatuseuniform to the outlet of the voluteHighest sttc
temperature variation inside the component occurs in the impeller where static temperature
LQFUHDVHV E\ DW WKH RXWOHW FRPSDUHG WR WKDW
variation inside the component occurs in the inducer where static raomgedecreases by

DW WKH RXWOHW FR P SEdurd&20{bRidentii€sivat Endre W KoH-stdtiQQ O H W
temperature variation between asymmetric andl Gt the inducer, though inflow static
temperature is slightly higher for asymmetric than for CTT for components downstream of this.
Figure 6.20 (c) identifies that the outflow static temperatiseslightly higher for asymmetric
than for CTT for all component€ompared with the CTT case, static temperature through the
component for WKH DV\PPHWULF FDVH GHFUHDVHV E\ WKURXJI
WKURXJK WKH LPSHOOHU GHFUHDVHV E\ WKURXJK WKH Gl
volute. Overall, it is observed that there is a negligible increase in static tetmgefor the

asymmetric volute in comparison with the CTT volute.
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Figure 6.20 Static Temperature Variation in the Turbocharger Compressor Stage with the Asymmetric Volute
where (a) static temperatumontour (b) inlet static temperatummparison with CTTc) outletstatic
temperaturecomparison with CTT

6.6 Local Performance Evaluation of the Asymmetric Type Volute for
Centrifugal Compressor
This section explores the local flow fields through the turbocharger compressor volute and
compares with that of CTT. Instantaneous analysis has also been presented for both cases and
the mnimum and maximum points taken at the first profile in the volute with respect to static
pressureThe static pressure field has been selected specifically since this flow property has a
direct relationship with the purpose and performance of the vdBimee Chapter 5 found
negligible variances between the two selected instances, this chapter not only focuses on the

flow behaviour at the selected minimum and maximum points, but also focuses on the
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percentage differencagainst the revolution averageduks for the two instances with both,

asymmetric and CTT cases.

6.6.1 Local Static Pressurethrough Asymmetric Type Volutes
Figure 6.21 depictsstatic pressure distribution through the turbocharger compressor volute

during the operatig speed of 9 U S %t déesign flow rate. Twelve crosections through

the volute channel have been presented from the first-seasi®n of the scroll situated above

the tongue, through to the outlet of the compressor skagm the base of the tail at the first
crossVHFWLRQ SURILO kwGttiE bsdue B Wentifigdith a circumferential
increaseas the flow travels downstreafrom this location ) UR P f W Rof\Woikdtior; X W
lower static pressure is seen in the fs&eam.Further to this, it is noticed that static pressure
decreases through the exit cone due to the effects of the volute tongue; and increases to its

highest static pressure through the discharge duartls the outletas expected

Figure6.22 quantifies the static pressure distribution across each plane around the turbocharger
compressor volute ancbmpares the newly designed asymmetric volute with the CTT volute.

The percentage difference of the asymmetric volute has been calculated against that of the CTT
volute. It is identified the highest static pressure variation between the two volute models occur

LQ WKH ILUVW SURILOH ZKHUH WKH DV\PPHWULF YROXWH G

CTT, while depicting no variation between the two models at the outlet.

Table 6.9 details the percentage difference in static pressure variation from oneectiss

location to the next, specified by the azimuth antjlalso detailgthe percentage difference in
staticpressure variationccurring at each crosection around the volute against that depicted

at the outlet. The data includes that from the asymmetric volute and that of the CTT volute,
enabling observations to be made in the distinct variations betweemahe/ith regards to the

static pressure variation from one crggstion location to the nexte highest static pressure
variation occurs between f D Q @r thefCTT @ase ZL WK , whereas for the newly

desigred asymmetric case, the highest static pressure variation occurs in the initial section of
WKH WDLO EHWZHHQ WAXKWHNIK UNMOWbdhcRskls, Qe Ian@sBstatif pressure
variation R occurs between the discharge duct and the oWRegarding the static

pressure variationccurring at each crosection around the volute against that depicted at the
outlet, the highest static pressure variance occurs Aard in the first profile for the CTT

volute and asymmetric volute, respectivel 77 YROXWH LGHQWLILHV OHVV
WKDW DW WKH RXWOHW ZKLOH DV\PPHWULF YROXWH LGHQ\
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outlett 7KH ORZHVW YDULDWLRQ IRU ERWK FDVH RFFXU DW Wtk
pressureand higher static pressure than that at the outlet for CTT volute and symmetric volute
respectivelyOverall, when comparing the Asymmetric volute with the CTT volute, an increase

in static pressureneans that more kinetic energy is converted into poteatiargy, hence

signifies an improvement in performanceid identified that static pressure is initialbwer

until the flow reachesA5f WKHQ KLJKHU GRZ@Waddttel) RvhidghheWWKH F X\

decreases at the exit cone, followed by exhibiting the same static pressure at the outlet.

20f f f f f f
_ Discharge
f f Cut-Off Exit Cone Outlet
Duct

Figure 6.21 Staticpressurearound the asymmetric type compressor volute
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CTT  Asymmetric

Location

Figure 6.22 Staticpressure across each cressction around the asymmetrioluteand CTT volute

Table6.9 Asymmetric voluteanparisorwith CTT volute of static pressure variation frphane to plane and
outletto plane

f WR f 2XWOHW WR f
Static Pressure Variation [%] Static Pressure Variation [%]
f- f CTT Asymmetric f CTT Asymmetric
FP-45 -0.9 10.5 First Profile -6.1 -21.2
45-90| -1.7 6.7 45| -7.0 -12.9
90- 135 2.2 1.7 90| -8.6 -7.1
135-180 1.6 1.7 135( -6.6 -5.5
180- 225 0.8 1.0 180| -5.2 -4.0
225- 270 0.6 0.8 225 -4.4 -3.0
270- 315 0.2 0.8 2701 -3.9 -2.2
315-CO -0.9 -0.3 315( -3.7 -1.5
CO-EC 3.7 -1.6 Cut- off -4.5 -1.8
EC-DD 0.9 3.5 Exit Cone -1.0 -3.3
DD - OUT 0.1 -0.1 Discharge Duct| -0.1 0.1

Figure6.23is agraphicalrepresentation depictirthe asymmetric ratio aftatic pressure along

the radial directionof the crosssectionprofiles in (a),andaxial directionof the crosssection
profilesin (b) around the centrifugal compressor volwtedesign flow rate and high operating
speed of 98.2 U S VThe. data included comprises of the minimum and maximum responses
for the CTT volute and the Asymmetric volule. both radialdirection and axial direction
cases, when the asymmetric ratio is 1, the flow variable is symnaaulisignifies desirable

flow characteristics. Asymmetric ratio that is not 1 signifies the presence of secondary flows as
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a result of an imbalance in the fldvetween &atic pressure and kinetic energg4]. This in

turn, requiresmore energy due to losses taking place as a result of friction. Secondary flows are
a direct cause for head log#] therefore, the more symmetric the ratio means the better the
volute performsWhen the asymmetric ratio is more than 1, flow variable in the case of the
radial directionis localised towards the inner curve, and in the case of thediaation the

flow variable is localised towards the rear face. When the asymmetric ratio is less than 1, flow
variable in the case of the raddiftectionis localised towards the outer curve, and in the case

of the axialdirection the flow variable is localised towardsettiront face.More detailed

graphical representations are depicted in APPENDIX 4

In the case of Figur®é.23 (a), static pressure along thadial direction is predominantly
asymmetric towards the outer curve. In the first profile, the steady cases for the Asymmetric
and CTT as well as CTT Min, depict asymmetry towards the inner curve, while theases

for the Asymmetric and CTT as well as Asymmetric Min depict asymmetry towards #re out
curve. At 45 f, all cases are asymmetric towards the @uter with all asymmetric cases
identifying more asymmetry that all CTT cases. Atf9@nly Asymmetric Max depicts slight
asymmetry towards the inneurve, while at 31Fonly Asymmetric Min depicts asymmetry
towards the innecurve. From 90tp 315 f, all Asymmetric cases are less asymmetric in static
pressure along the radidirectionthan all CTT cases. At the coff location, all Asymmetric

cases identify asymmetry towards the inner curve while CTT Steady is symmetric and CTT
Min and CTT Maxremain asymmetric towards the euturve. At the exit cone and discharge
duct, the static presire asymmetric behaviour along the radiagéctionis vice versa for the

two volute cases. At the outlet, all cases identify static pressure asymmetry along the radial

direction towards the irer curve.

In the case of Figuré.23 (b), static pressure along the axditection depicts asymmetry
towardsthe rear face for all cases in the first profieéh the Asymmetric cases displaying
considerably more asymmetry thdrat of the CTT cases. At 45 Asymmetric Steady depicts
asymmetry towards the front face, whilst the remainder continue to display asymmetry towards
the rear face. At 9@, all Asymmetric cases depict asymmetry towards the front face, while all
CTT cases display asymmetry towards the rear face. Aff Eymmetric Steady identifies
symmetry in static pressure along teal direction and the remainder depicts asymmetry
towards the rear face. At 1§0 all cases display asymmetry towards the rear face and at 225 f,
only Asymmetric Min displays asymmetry towards the front face. Atf2@0TT Min and CTT

Max are seen to hawymmetricstatic pressure along the axéitectionwhile the remainder
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are seen to be asymmetric towards the rear face. Af,3ab caseshow asymmetricstatic
pressure along the axialirection towards the front faceAt the cutoff location, all
Asymmetric cases and CTT Steady remain asymmetric towards the front face while CTT Min
and CTT Max display asymmetry towards the rear face. At the exit cone, all Asymmetric cases
are significantly asymmetric towards the rear face. CTT Steady presents symmetric static
pressure along the axidirectionwith CTT Min and CTT Max showing asymmetry towards

the front face. At the discharge duct, allyAsmetric cases are slightly asymmetric towards the
rear face and all CTT cases are asymmetric towards the front face. At the outlet, all cases

display asymmetry in static pressure along the ahrattion towards the front face.

Overall,the influence orthe imbalance o$tatic pressuralong the radial directiothrough the
centrifugal compressor volute for all cases of the CTT model are significaetiyerthan all
casesof the Asymmetric modelthrough the scrall In the tongue region however, all
Asymmetric volutes have a greater influence on the imbalance of static prdssuher to
this, the influence orthe imbalance oftatic pressure along theialxdirection through the
centrifugal compressor volute for all cagee very similar. Although, the Asymmetric volute
depict a higher influence on the imbalancé static pressuren comparison with the CTT

volutein vicinity of the tongue region.
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CTT Min CTT Max
Asymmetric Min

(@)

(b)

Figure 6.23 Asymmetriaatio of static pessurearound theCTT and asymmetric centrifugal compressor vaute
along the (a) radiablirectionof the profiles and (b) axialirectionof the profiles

Figure 6.24 depicts thepercentage difference against the revolution average of static pressure
through asymmetric volute at (a) the maximum point @)dhe minimum pointProminent
variances are displayed in the freestneand along wall of both cases wiistinct vice versa
percentage differences betweigure 6.24 (a) and Figure 6.24 (b). At 20 f,Figure 6.24 (a)

high static pressure difference occunotigh the volute inflow with low differences at the wall
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of the outer curve, while Figuré.24 (b) depicts low static pressure difference through the
volute inflow and high static pressure difference at the wall of the outer curve. Frotm 45 f
225 f, high static pressure differences against that of the revolution averaged occurs along the
outer curve in Figur®é.24 (a), whereas irrigure 6.24 (b), low static pressure differences are
displayed here. At 45, lowest static pressure difference against the revolution averaged occurs
in the overhang of the profile, while Figure 6.24 (b) shows high static pressure differences here.
From 90 fo 225 f, this high region fbrgure 6.24 (a) and lowregion for Figure6.24 (b) are
localised more in the central of the profilés.Figure 6.24 (a), although low static pressure
difference is localised in the central region at 2ad 315 f, the lowest static pressure
difference is exhibited at the wall in the overhang, while the highest statsupradifferences

are exhibited along the outer curve. In the case of Figzé (b), highest static pressure
differences are localised at the wall in the overhang, withf3l$o displayed high static
pressure difference in the freestream of the profile. Low staticyveeslfference is depicted

along the outer curve close to the front face of the profile. At theftibcation, high static
pressure differences compared to that of the revolution averaged is seen at the wall along the
front face in Figures.24 (a), with low region in the centre more towards the outer curve. For
Figure6.24 (b), low static pressure differences compared to that of the revolution averaged is
viewed at the wall near the front face with high regions viewed in the centre more towards the
outer curveAt the exit cone, high static pressutifference is observed in vicinity of the front

face inFigure 6.24 (a) with low region in the central area of the outer curve. Figuz4 (b)
observes low and high static pressure difference here, respecfivehe discharge duct for

Figure 6.24(a), there are two regions of low static pressure difference where one large region is
localised near the front face and one small region is localised near the rear face, with high
region seen along the wall of the rear face. For Figuté(b), low regions are depicted along

the walls of the front and rear faces and two high regions are seen in the centre near the outer
curve and near the rear face. At the outlet, Figu2d (a) show high and low regions near the
outer curve and near the central of the rear face, respectively, while &igd(e) depicts the

vice versa at these locations of the profile.
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(b)

(@)

Figure 6.24 Percentagalifference of static pressure through asymmetric volute at (a) maximum (b) minimum
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Figure 6.25 depicts thepercentage difference against the revolution average of static pressure
through the CTT volute at (a) the maximum point and (b) the minimum point. Similarities are
seen here asdh of Figure6.24 where the minimum case predominantly shows the vice versa
high and low static pressure differences to that of the maximum éasks f Figure6.25(a)

high static pressure difference is seen at the outer curve near the rear face, while low regions
are depicted at the centre of the outer curve and a small region in the centre of the inflow.
Figure 6.25 (b) displays the vice versa high and low static pressure difference at these
locations.Figure 6.25 (a) shows that high static pressure difference remains along the wall of
the outer curve from 45¢ 315 f. Thereafter at the-ofitlocation, high regions are depicted
along the wall of front and rear faces. Following this, the exit cone depicts a high static
pressure difference region at the wall between the outer curve and front face, while the
discharge duct and outlet identifies high regions along the wall of the front face. Further to this,
low static pressure difference regions are predominantly depicted in thstrras of all
profiles. From 45 and 315 f, there are very small regions of low static pressure differences
emerging from the inflow and between the inflow and overhang. This is in addition to the low
regions across the central of the profiles, with that ate®@ f315 flepicting slightly lower

static pressure differences. At the-ofit location, there are two regions of low static pressure
differences with one region emergifrgm the inner curve and the other region in the central
region towards the outer curvEhe exit cone presents a low static pressure difference region
emerging near the rear face, while the discharge duct shows low regions along the rear face and
in the central area more towards the rear face. The outlet displays this low static pressure
difference in the frestream Figure6.25(b) shows that low static pressure difference remains
along the wall of the outer curve from 4tefthe cutoff. Low regions at the exit cone and
outlet are depicted along the wall of the outer curve slightly towards the rear face, while that at
the discharge duct depicts this slightly towards the front. fatet5 fand 90 f, high static
pressure differences are seen to eméxgn the inflow and between the inflow and overhang
which becomes more prominent in the central area of thesesgossns At 135 f, cubff
location, exit cone and outlet, high static pressure differences are seen in the central region of
the profiles, while from 180t 315 f, these high regions emerge from the inner curve to the
central region. At the discharge duct, high static pressure difference is displayedentthé

region towards and along the rear face.
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Figure 6.25 Percentage difference of static pressure through G/blute at (a) maximum (b) minimum
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Figure6.26depicts the instantaneous static pressure variation across a single revolution for (a)
asymmetric volute and (b) CTT volute from the first profile to the outlet. The minimum,
maximum, mean and standard deviation have also been presented for static pressure across

each selected profile through the centrifugal caapor voluteluring one revolution.

In Figure6.26(a), it can be seen that static pressure clearly increases as the flow travels around

the volute, whereas in the casd~tjure6.26 (b), there are many overlaps between the profiles.
Figure6.26 D WDEOH VKRZV WKDW PLQLPXP VWDWLF SUHVVXUH
pressure is at the dismtge duct and outlet. Furthermore, the maximum standard deviation of
VWDWLF SUHVVXUH LV DW f

In Figure6.26 E VWDWLF SUHVVXKHWWKDQUMBBWHNWLJ DW LW

f VWDWLF SUHVVXUH UHDFKHV ORZHU WKDQ WKDW f DW
LQFUHDVH LQ GRZQVWUHDP VWDWLF SUHVVXUH LV GLVSOD\I
and lower at its maximunDQG PLQLPXP UHVSHFWLYHO\ FRPSDUHG W
this, static pressure at the exit cone is higher and is seen to increase as the fluid travels
downstrean to the outlet of the volute. Figui®26 (b) table shows that minimum static
SUHVVXUH LV IURP f WR f ZKLOH WKH PD[LPXP VWDWLF S
outlet. Moreover, the maximum standard deviation of stativpfeXxUH LV DW  f
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Figure 6.26 Instantaneous static pressure variation throfghAsymmetric volute and (b) CTT volute
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6.6.2 Local Velocity Magnitude through Asymmetric Type Volutes
Figure6.27 depictsthe distributionof velocity magnitudehroudh the turbocharger compressor

volute during the operaitg speed o® U S Vat¥design flow rate. Twelve cros®ctions
through the volute channel have been presented from the firstserctesn of the scroll
situated above the tongue, through to théebwif the compressor stagéelocity magnitude is

zero at the walls due to rebp boundary conditions. From the base of the tail at the first-cross
VHFWLRQ SURILOH ORFDWHG DW f KLIK YHORFLW\ PDJQLW
velocity magnitude along the outer curvature of the scroll. A great deal of velocity magnitude
non-uniformitiesare displayed D WD QfG Di¥Wue fo the influences of the volute tongue.
$W  ¢w vBocity magnitude regions are exhibited along the curvature of the front face,
while high regions are exhibited near the outer curve. $W inflowKsLeXKibited with low
regionsin the overhang near the inlet. )URP [ Wd¥ |lobdtivh, XN velocity
magnitude is seen in the freream with higher vecity magnitudes at the inflow. Decelerated

flow is displayed downstream from the @it location.

Figure 6.28 quantifies the velocity magnitude distribution across each plane around the
turbocharger compressor volute and compares the newly designed asymmetric volute with the
CTT volute. The percentage difference of the asymmetric volute has been calculated against
that of the CTT volute. It is identified the highest velocity magnitude variation between the two
YROXWH PRGHOV RFFXU LQ WKH ILUVW SURILOH ZKedUH WKH
flow than that for CTT. The lowest velocity magnitude variation occurs in the discharge duct,
ZKHUH WKH DV\PPHWULF YROXWH LGHQWLILHV KLIKHU
Table 6.10 details the percentage difference in velocity magnitude variation from one cross
section location to the next, specified by the azimuth afayldooth CTT and asymmetric
volutes It also details the percentage difference iroe#y magnitude variatiomccurring at
each crossection around the volute against that depicted at the datldioth CTT and
asymmetric volutesRegardingthe velocity magnitude variation from one cregstion
location to the next, the highest velgcihagnitude variation occurs between the-affitand
WKH H[LW FRQH IRU WKH &77 FDVH ZKHUH WKH IORZ GHFHO
RFFXUV EHWZHHQ f DQG f ZKHUH WKH IORZ GHFHOHUD
asymmetric case, thaghestvelocity magnitude variation occurs between the exit cone and
GLVFKDUJH GXFW ZKHUH WKH IORZ GHFHOHUDWHV E\ ZK
f DQG f ZKHUH WKH IORZ GH FH Owlodiywhdgnitéde variatiohH IJD U G L
occurring at each crosection around the volute against that depicted at the outlet, highest
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velocity magnitude variances occur at @d 45ffor the CTT volute and asymmetric volute,
UHVSHFWLYHO\ &77 YROXWH LGHQWLILtHan that at the lodtletiU YH O
ZKLOH DV\PPHWULF YROXWH LGHQWLILHV KLIJKHU YHOTF
7KH ORZHVW RFFXUV LQ WKH GLVFKDUJH G XaWha atvthk KL.
outlet IRU WKH &77 YROXWH DbayGmagnitudethdrK thal aty tHeDoutlefor

Asymmetric volute Overall, when comparing the Asymmetric volute with the CTT volute, a
decrease in velocity magnitude means that more kinetic energy is converted into potential
energy, hence signifies an improvent in performance. It is identified that velocity magnitude

is initially higher until the flow reaches 46 WKHQ ORZHU GRZQfVig¢ddibhPP WR W
which then increases at the exit cone, followed by exhibiting lower velocity magnitude at the
outld.

20f f f f f f
_ Discharge
f f CutOff Exit Cone Outlet
Duct

Figure 6.27 Velocitymagnitudearound the asymmetric type compressor volute
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Figure 6.28 Velocitymagnitudeacross each crossection around the asymmetric volute and CTT volute

Table6.10 Asymmetric volute comparisevith CTT volute of velocity magnitude variation frptane to plane

and outlet to plane

f WR f 2XWOHW WR f
Velocity Magnitude Variation [%] Velocity Magnitude Variation [%]
f- f CTT Asymmetric f CTT Asymmetric

FP-45| 21.2 4.2 First Profile 79.9 123.2
45-90 4.2 -22.4 45| 118.0 132.6
90-135| -14.3 -4.4 90| 127.2 80.6
135-180| -12.2 -3.5 135| 94.7 72.7
180-225| -3.4 2.7 180| 70.9 66.7
225-270| -3.8 -4.2 225| 65.1 62.2
270-315| -0.3 -3.6 270| 58.9 55.3
315-CO 6.4 5.2 315 585 49.8
CO-EC| -30.0 -10.9 Cut- off 68.6 57.5
EC-DD| -129 -25.6 Exit Cone 18.0 40.4

DD - OUT -2.7 -4.3 Discharge Duct 2.8 4.5

Figure6.29is agraphicalrepresentation depictintpe asymmetric ratio of velocity magnitude

along theradial direction of the crosssectionprofiles in (a) andaxial direction of the cross

sectionprdfiles in (b) around the centrifugal compressor volatedesign flow rate and high

operating speed of 98.2 U S Vh& data included comprises of the minimum and maximum

responses for the CTT volute and the Asymmetric volimre detailed graphical

representations are depicted in APPENDIX 4
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In the case of Figuré.29(a), velocity magnitudes along the radiaectionfor the first profile

are asymmetric towards the outer curve for all cases aside from CTT Max, where this depicts
asymmetric towards the inner curve. At 45 f, all cases depict velocity magnitude asymmetry
along the radiatlirectiontowards the outer curve with the CTT cases depicting less asymmetry
than Asymmetric cases. From §@ the cutoff location, all cases are asymmetric towards the
inner curve. The min and max cases are for both volutes show wegy atymmetry. At 9p€,

135 fand from 270 fo the cutoff, CTT cases show less asymmetry than Asymmetric cases,
while at 180 f, the Asymmetric cases show less asymmaetriia cases. At the exit cone,
Asymmetric cases exhibit velocity magnitude asymmetry towards the inner curve along the
radial direction whereas CTT cases exhibit asymmetry towards the outer cAtvéhe
discharge duct, all cases are asymmetric towarelotier curve. At the outlet, CTT Steady
depicts symmetry in velocity magnitude along the radiedction whilst remainder of the

cases depict asymmetry towards the inner curve.

In the case of Figuré.29 (b), velocity magnitude along the axwifrectiondepictsasymmetry

along the axiatlirectiontowards the rear face with the CTT cases identifying less asymmetry
than Asymmetric case#t 45f WR  CTT Max exhibits velocity magnitude asymmetry
along the axiallirectiontowards the rear face. At 4and 90 f, all Asymmetric cases and CTT
Steady exhibit velocity magnitude asymmetry alongakial directiontowards the front face.

CTT Min showslight asymmetry towards the rear face atfdbd symmetry along thaxial
directionat 90f. At 135 Asymmetric Max displays symmetric velocity magnitude along the
axial directionwhile Asymmetric Steady displays slight asymmetry towards the rear fdce an
remainder cases remain asymmetric towards the front fac&80 f, all CTT cases present
asymmetry towards the front face, whereas all Asymmetric cases present asymmetry towards
the rear faceAt 225 f, all CTT cases identify symmetric velocity magnitude along the axial
direction while Asymmetric Steady shows very slight asymmetry towards the front face and
Asymmetry Min and Asymmetry Max show asymmetry towards the rear face. At, 20y

the two Steagl cases depict asymmetry towards the rear face, while the Min and Max cases for
both volutes depicts asymmetry towards the front faceCAIl cases display slight velocity
magnitude asymmetry along the axdalectiontowards the rear fac 315fand theexit cone,
whereas all Asymmetric cases display slight asymmetry towards the fronfTfasds vice
versaat the cufoff location. The discharge duct depicts velocity magnitude asymmetry along

the axial direction towards the rear face for all cases, leththe outlet depicts symmetry in
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velocity magnitude along thaxial directionfor CTT cases and asymmetigwards the front

facefor Asymmetric cases.

Overall, the influence on the imbalance \w#locity magnitude along the radial direction
through the centrifugal compressor volute for all cases of the Asymmaddel are greater

than all cases of the CTimodel. Further to this, the influence on the imbalanceetdcity
magnitudealong the axial direction through the centrifugal compressor volute for all cases are
very similar. However, the Asymmetric volute depict a higher influence on the imbalance of

velocity magnitude in comparison with the CTT volute in vicinity of the tongue region.
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CTT Min CTT Max
Asymmetric Min

(@)

(b)

Figure 6.29 Asymmetric ratio of velocity magnitudeound the CTT and asymmetric centrifugal compressor
volutes along the (a) radiablirectionof the profiles and (b) axialirection of the profiles

Figure 6.30 depicts thepercentage difference against the revolution average of velocity

magnitude through asymmetric volute at (a) the maximum point and (b) the minimum point.
Prominent variances are displayed with vice versa percentage differences Watyueef.30

(a) and kgure 6.30(b). At 20 f, high velocity magnitude differences are displayed as a small

area near the outer curve in Figle80 (a) with low velocity magnitude difference in the
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central region towards the front fadggure 6.30 (b) depicts low andhigh velocity magnitude
differences at these locations, respectivély.45 f,Figure 6.30 (a) depicts high velocity
magnitude difference at the infloand low velocity magnitude difference in the overhang near
the inlet, while Figure5.30 (b) depicts low and high velocity magnitude differences at these
locations, respectively. From 9@of 270 f,f,Figure 6.30 (a) depicts low velocity magnitude
differences in the frestream of the crossectionswhile Figure6.30(b) depicts low velocity
magnitude differences here. At 90Figure 6.30 (a) displays high velocity magnitude
differences alonghe front face of the profile, while at 135nfl 220 fhigh regions are depicted

in the overhang of the profdeFigure 6.30 (b) depicts low velocity magnitude differencais

these locationsd=rom 180 fo the cutoff location, Figure6.30 (a) andFigure6.30(b) present

high and low velocity magnitude differences at the inflow, respectiathe exit cone,
Figure 6.30 (a) exhibits high velocity magnitude difference along the front face and small
regions of low velocity magnitude differences in vicinity of the rear f&ogure 6.30 (b)
depicts low and high velocity magnitude differences at these locations, respedivéhg
discharge duct, regions of high velocity magnitude differences are localised along front and
rear faces of the profile with low velocity magnitude difference localised on the upper centre of
the profile forFigure 6.30 (a). Figure 6.30 (b) depicts the respective low and high velocity
magnitude differences in the same locations of the profile. At the ouitgh, velocity
magnitude difference is localised on the upper centre of the profile with low velocity
magnitude difference localised on the lower centre of the profil&ifpre 6.30 (a). This is

vice versa with respect to Figure 6.30 (b).
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(b)

(@)

Figure 6.30 Percentage difference of velocity magnitude through asymmetric volute at (a) maximum (b) minimum
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Figure 6.31 depicts thepercentage difference against the revolution average of velocity
magnitude through CTT volute at (a) the maximum point and (b) the minimum point.
Prominent variances are displayedth distinct vice versa percentage differences between
Figure6.31 (a) and Figures.31 (b). From 15 fo the cutoff location, high and low velocity
magnitude differences exist at the inflow for Fig6r81 (a) and Figures.31 (b), respectively.

For Figure6.31(a), there are additional areas of high velocity magnitude differences frgm 15
to135f +LJK UHJLRQV DUH REVHUYHG LQ WKH FHQWUH QHDU
IDFH RI f LQ WKH RYHUPIKD€&chsP dY Figyré.B1Qb% lower regions are
depicted at these locations. From 16 35 f, very small regions of low and high velocity
magnitude differences exist at the rear faces for FiguBd (a) and Figure6.31 (b),
respectively. From 180¢ 270 f, these low and high regions with respective to for Figitre

(a) and Figures.31(b) are localised along the curvature from the rear face to the outer curve.
At 315 fand the cubff location, these velocity magnitude differences are very small and can
be viewed at between the inflow and dwang. At the exit cone, Figu&31(a) depicts high
velocity magnitude differences along the bottom sector of the rear face and low velocity
magnitude differences alg the curvature of the upper sector. Figure @31dentifies the low

and high velocity magnitude differences at these locations, respectively. At the discharge duc
high velocity magnitude differences are seen at the rear face of the profile with low velocity
magnitude differences along the curvature of the front face. Again, Fegat€b) identifies

the low and high velocity magnitude differences at these locations, respectively. At the outlet,
high velocity magnitude difference is exhibited across the profile with a very small region of
low difference at the central locatioi the front face. Once more, Figu8e31(b) presentdow

and high velocity magnitude differences at the same locations.
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Figure 6.31 Percentagalifference of velocity magnitude through Gidlute at (a) maximum (b) minimum
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Figure 6.32 depicts the instantaneous velocity magnitude variation across a single revolution

for (a) asymmetric volute and (b) CTT volute from the first profile to the outlet. The minimum,

maximum, mean and standard deviation have also been presented for velocity magnitude

across each selected profile through the centrifugal compressor dotirtg one revolution.

In Figure6.32(a), it can be seen that velocity magnitude predominantly decreases as the flow

WUDYHOV DURXQG WKH YROXWH WKRXJK WKHUH DUH VRPH

expected due to ¢hinfluence of the volute tonguEigure 6.32 (a) table shows that minimum

YHORFLW)\

PDIJQLWXGH LV DW WKH RXWOHW ZKLOH WKH

FurtherPRUH WKH PD[LPXP VWDQGDUG GHYLDWLRQ RI YHORFLW

In the case of Figuré.32 E WKHUH DUH VRPH RYHUODSVeld&ityW ZHH Q

MmagQLWXGHIVDWRZHU WKDQ WKDW DW

UHDFKHV KLJKHU WKDQ WKDW f DW LWV PD[LPXP )URP
PDIJQLWXGH LV GLVSOD\HG 9HOR F LvappBaistidhard¥e@addping,R P f
while from the exit cone it is seen to decrease as the fluid travels downstream to the outlet of

the volute, with overlapping and minimal variation between that at the digctaog and that

at the outletFigure 6.32 (b) table shows that minimum velocity magnitude is at the outlet,
ZKLOH WKH PD[LPXP YHORFLW\ PDJQLWXGH LV DW f ORUH]I
RI YHORFLW\ PDJQLWXGH LV DW f

Instantaneous Velocity Magnitude [m/s]

f— f f—  f f f
920 - f f f EC DD ouT
200 -
180 —: t ;
160 -
140 E— — — S —
120 4 S — e
100 -
80 -
60 . . . . . .
0.0060 0.0061 0.0062 0.0063 0.0064 0.0065 0.0066
Flow time [s]
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f f f f f f f f fl EC| DD | OUT
Min 187.30| 179.76| 162.56| 141.35| 140.48| 135.23| 124.36| 123.80| 130.74| 111.73| 81.31| 77.08
Max | 192.61| 195.15| 168.78| 144.16| 143.02| 137.01| 127.12| 126.08| 133.14| 114.39| 83.03| 79.10
Mean | 189.88| 187.88| 166.07| 142.93| 141.71| 136.10| 125.89| 125.06| 131.85| 113.00| 82.12| 78.28
1 1.28 4.70 1.48 0.64 0.68 0.48 0.65 0.56 0.54 0.66| 0.41| 0.53
(a)
- [ f f— f— f f
f f f EC DD ouT
200 -
@
S
PR I e
S
©
=
%‘ 140 {7 T
% —————— —
> 120 -
%)
>
o
§ 100 ~
c
g
g 80 ~
60 T T T T T T
0.0085 0.0086 0.0087 0.0088 0.0089 0.0090 0.0091
Flow time [s]
15f f f f f f f fl 345f EC DD | OUT
Min 175.51| 178.64| 178.25| 155.16| 140.58| 132.72| 128.76| 129.42| 130.04| 95.08| 81.33| 81.27
Max 182.06| 183.06| 181.14| 157.76| 142.76| 136.90| 131.85| 130.48| 130.70| 96.53| 82.87| 82.25
Mean | 178.62| 180.88| 179.57| 156.50| 141.70| 134.69| 129.94| 129.94| 130.37| 95.88| 82.09| 81.74
1 1.85 1.38 0.85 0.73 0.59 0.99 0.86 0.27 0.20 0.39 0.45 0.25
(b)

Figure 6.32 Instantaneouselocity magnitudeariation through (a) Aymmetric volute and (b) CTT volute
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6.6.3 Local Static Temperature through Asymmetric Type Volutes
Figure 6.33 depictsstatictemperaturalistribution through the turbocharger compressor volute

during the operatig speed of 9 U S %t design flow rate. Twelve crosections through

the volute channel have been presented from the first-seasi®n of the scroll situated above

the tongue, through to the outlet of the compressor s&gtc temperature is seen to increase

very slightly downstream to the outlet and is predominantly fairly stersi across the profiles.
Pockets of low static temperature can be seen along the outer curve of the safol. A ORZ
static temperatureis identified at the outer curve of the profilErom 45f WR WHKH FXW
location, lower static temperatures aseen at the inflow. At the outlet, uniform static

temperature is presented.

Figure 6.34 quantifies the static temperature distribution across each plane around the
turbocharger compressor volute and compares the newly designed asymmetric volute with the
CTT volute. The percentage difference of the asymmetric volute has been calculated against
that of the CTT volute. lghest static temperatukariation between the two voluteoatelsis
identifiedat 90f, where the asymmetric volute depicts 2¥pgherstatictemperaturg¢han that

of CTT. No variationsbetween the two models are depicted at the exit datde6.11details

the percentage difference in static temperature variation from onesess location to the

next, specified by the azimuth anglé the Asymmetric volute and the CTT voluté dso

details the percentage difference in static temperature var@@nring at each crosection

around the volute against that depicted at the oafléhe Asymmetric volute and the CTT
volute Respective othe static temperature variation from ocr@sssection location to the
next,the highest static temperatwariation occurs between the first profile and 4S5 yvell as
EHWZHHQ ffoDtQeCTT dase with 0.8 fall in static temperature and rise in static
temperature, respectively. ThekUH QR YDULDWLRQV LQ VWDWLF WHPSHU
For the newly designed asymmetric case, the highesic Semperature variation aos
EHWZHHMQ Gf [ ZL\WsE in static temperaturdhere are no variations in static
temperaturdoetweenl8 f DZEZ2Gf Respective the static temperature variatoourring at

each crossection around the volute against that depicted at the ,othikethighest static
temperaturezariance occurs at 9fand in the first profile for the CTT volute and asymmetric
volute, respectively. CTT volute identifies 3.3 O H VtgmpevdatDri#har-that at the outlet,

while asymmetric volute identifies 3.9 O HV emp&vaukthaR that at the outleThe
lowesW RFFXUV LQ WKH GL VIESSBthtid ten(petdivtbad thal Kt the outldéor

both caseOverall, when comparing the Asymmetric volute with the CTT volute, a decrease in
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static temperature signifies an improvement in performance. It istifiddnthat static
temperature is initially lower in the first profjlhen higher downstream to the -@it location,
which remains the same at the exit cone, followed by exhibiting higher velocity magnitude at

the outlet.

20 f f f f f f

_ Discharge
f f Cut-Off Exit Cone Outlet
Duct

Figure 6.33 Static temperaturaround the asymmetric type compressor volute
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Figure 6.34 Statictemperatire across each crossgection around the asymmetrioluteand CTT volute

Table6.11 Asymmetric volute comparisevith CTT volute of static temperature variation frpfane to plane and
outlet to plane

f WR f 2XWOHW WR f

Static Temperature Variation [%] Static Temperature Variation [%]

f- f CTT Asymmetric f CTT Asymmetric
FP-45 -0.8 1.0 First Profile -2.2 -3.9
45-90| -0.3 1.3 45| -2.9 -2.9
90- 135 0.8 0.3 90| -3.3 -1.6
135-180 0.7 0.2 135| -2.5 -1.3
180- 225 0.2 0.0 180( -1.8 -1.2
225- 270 0.2 0.1 225 -1.6 -1.1
270- 315 0.0 0.1 270 -1.4 -1.0
315-CO -0.2 -0.2 315( ~-1.3 -1.0
CO-EC 1.1 0.1 Cut- off -1.5 -1.2
EC-DD 0.3 1.0 Exit Cone| -0.4 -1.1
DD - OUT 0.2 0.2 Discharge Duct| -0.2 -0.2

Figure 6.35is agraphicalrepresentation depictinpe asymmetric ratio of static temperature
along theradial direction of the crosssectionprofiles in (a) andaxial direction of the cross
sectionprofiles in (b) around the centrifugal compressor volatedesign flow rate and high
operating speed of 98.2 U S Vh& data included comprises of the minimum and maximum
responses for the CTT volute and the Asymmetric volimre detailed graphical

representations are depicted in APPENDIX 4
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In the case of Figuré.35 (a) static temperature along the radiufectionis predominantly
asymmetric towards the outer curver Fhe first profile, almost symmetric static temperature

is depicted for CTT Max however this is very slightly asymmetric towards the outer curve
along theradial directionand symmetric static temperature is depicted for CTT Steady. The
remainder of the cases show asymmetry towards the inner curve. At 45 f, all Asymmetric cases
and CTT Max display gsnmetry towards the inner curvAt 90 f, Asymmetric Max present
symmetric static temperature along the radie¢ctionof the profile with Asymmetric Steady

and Asymmetric Min displaying asymmetry towards the inner cufitel35 f Asymmetric
Steady remai asymmetric towards the inner curf@r static temperature along the axial
direction At 180 fAsymmetric Max depi& static temperature asymmetowards the inner
curvealong the axiadirection At 225 f, Asymmetric Min and Asymmetric Steadgw slight
asymmetry towards the inner curve. At Z&hd 315 f, all cases identify asymmetric static
temperature towards the outer curve. At theattitocation, Asymmetric Min and Asymmetric

Max exhibit asymmetric in static temperature along the radiraction towards the inner
curve, while remainder of the cases exhibit static temperature towards the outer curve. At the
exit coneand discharge ductll CTT cases depict asymmetric static temperature along the
radial directiontowards the inner curvavyhile all Asymmetric cases depict asymmetric static
temperature along the radditectiontowards the outer curve. At the outlet all cases are almost

symmetric.

In the case of Figuré.35 (b) static temperature along the axdtectionis predominantly
asymmetric towards the front face. At 45 f, Asymmetric Max depicts static temperature
asymmetry towards the rear face, while Asymmetric Steady displays symmetry alaxgthe
direction At 180 f, Asymmetric Steady and Asymmetric Max present asymmetry towards the
rear face. At 22%, Asymmetric Steady remains to display asymmetry towards the rear face. At
270 f, the two Min cases display symmetric static temperature along thdiragtadn while

CTT Max depictasymmetry towards the rear faée¢ 315 f, only Asymmetric Steady and CTT
Max exhibit asymmetric static temperature along the akir@ction towards tle front face,

while remainder of the cases exhibisymmetry towards the rear face. At the-afiit all
Asymmetric cases and CTT Steady identify asymmetry towards the front face with CTT Max
identifying asymmetry towards the rear face and CTT Min identifying symmetric static
temperature along thexial direction At the exit cone, all Asymmetric cases present
asymmetry towards the rear face, while all CTT cases present asymmetry towards the front

face. At the discharge duct, all CTT cases and Asymmetricddpict asymmetry in static
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temperature towards the front face, whereas Asymmetric Steady and Asymmetric Max depict
asymmetry towards the rear face. At the outlet Asymmetric Min and Asymmetric Max present
asymmetry towards the rear face, while CTT Steady and CTT Max present asymmetry towards
the front face. CTT Min and Asymmetric Steady exhibit symmetric static temperature along the

axial direction

Overall,the influence on the imbalance of static temperature along both the radial direction and

the axial drection through the centrifugal compressor volute for all cases are very similar.
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CTT Min CTT Max
Asymmetric Min

(@)

(b)

Figure 6.35 Asymmetric ratio of static temperatuseound the CTT and asymmetric centrifugal compressor
volutes along the (a) radiabirectionof the profiles and (b) axialirection of the profiles

Figure 6.36 depicts thepercentage difference against the revolution average of static

temperature through asymmetric volute at (a) the maximum point and (b) the minimum point.
At 20 f Figure6.36 (a) displays high static temperature difference across the front face of the
profile with small areas of low static temperature differences localised at the outer curve.

Figure 6.36 (b) depicts low and high static temperature differences at these locations,
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respectively. From 4%to the cutoff location, high and low static temperature differences are
depicted at the inflow of Figuré.36 (a) andFigure 6.36 (b), respectively. At 4%, high static
temperature difference is depicted next to the inlet in the overhang in Bi@f&é), while

Figure 6.36 (b) displays low static temperature differences in the overhang towards the front
face and in the central region towards the rear face. Af@0Figure 6.36 (a), high static
temperature differences are seen prominently in the central region of the profile, as well as
slightly along the curvature of the front face near the outer curve and along the overhang
curvature next to the inlet. Figufe36 (b) depicts low differences along the curvature of the
front faceand along the overhang curvature next to the inlet. At 488 180 fFigure6.36(a)

depicts high regions of static temperature differences along the curvature of the overhang,
while Figure 6.36 (b) depicts low regions of static temperature differences here. There is a
large region of high static temperature difference exhibited afidZsgure6.36(a) across the
central region of the profile, whereas Fkigure 6.36 (b), a smaller area of low static
temperature difference is exhibited in vicinity of the fréace in the central region of the
profile. At 270 f, high static temperature difference is observed in the central region towards the
rear face of the profile in Figui@36 (a). Figure6.36 (b) depicts a large region of low static
temperature difference emerging from the overhang next to the inlet across to the central region
of the profile. At 315 @nd the cubff, high and low static temperature differences are localised
along the overhang curvature next to the inlet in Figou®6 (a) and Figure 6.36 (b),
respectivelyAt the exit cone in Figur6.36(a), high anddw static temperature differences are
localised at the rear face and along the front face, respectiiglye6.36 (b) depicts low and

high static temperature difiences in the same locations, respectively. At the discharge duct
low static temperature difference is localised at the rear face, while high static temperature
difference is localised in the central region of the profile in Figug® (a). Figure 6.36 (b)
displays low and high static temperature differences at these locatigpsctreely.In Figure

6.36 (a) & the outlet, high static temperature difference is identified at the lower sector of the
profile with high differences at the frorde.Figure 6.36 (b) depicts this for low and higher
difference, respectively, also identifying high differences in the upper sector of the profile near

the front face.
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Figure 6.36 Percentage Difference of Static Temperature through Asymmetric Volute at (a) Maximum (b)
Minimum
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Figure 6.37 depicts thepercentage difference against the revolution average of static
temperature through CTT volute at (a) the maximum point and (b) the minimum Fraint.

15 fto the cuwtoff location, low and high static temperature differences are localised at the
inflow next to the rear face féiigure6.37(a) andFigure6.37(b), respectivelyAt 15 f Figure

6.37(a) depicts high static temperature difference at the inflow next to the overhang as well as
along the outer curve. In Figue37 (b), low static temperature difference is exhibited along

the outer curvature. At 45nfFigure6.37(a) high static temperature differences are seen along
the outer curve, along the overhang and in the central region of the profile towards the rear
face. InFigure6.37 (b), low static temperature differenielocalisedat the inflow next to the
overhang. High and low static temperature differences are displayed at the inflow next to the
overhang from 90tp 225 ffor Figure 6.37 (a) andFigure 6.37 (b), respectivelyAdditional

regions of high static temperature differences in Figu8d (a) are depicted in the central of

the profile at 180 and at the cubff location. Additional regions of low static temperature
differences inFigure 6.37 (b) are depicted slightly along the overhang curvature next to the
inlet at 90fand from 18(fto 315 f. Further to this, low regions are displayed across the central
of the profile at 180 f,2Z5 D QG f DV ZHOO DV DORQJ WKH RXWHU FX
the exit cone, Figuré.37(a) depicts a very small area of high staémperature difference at

the rear face of the profile with prominent Iatatic temperature difference in the lower sector
towards the rear fac€&igure6.37(b) depicts high and low static temperature differences in the
same locations as the low and high regions depicted in Fog8ir¢a), respectively. Low static
temperature difference in Figue37 (b) is also displayed along the curvature of the front face.

At the dscharge duct, low and high static temperature differences are exhibited at the rear face
and the front face of the profile Figure 6.37 (a), respectively. Figuré.37 (b) exhibits the

high and more prominent low static temperature differences in the same locations, respectively.
At the outlet, high static temperature difference is displayed along the front face of the profile,
while low static temperature differences are displagyedr the front faceFigure 6.37 (b)

exhibits the high and lowstatic temperature differences in the same locations, respectively.
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(b)

(@)

Figure 6.37 Percentage Difference of Static Temperature through CTT Volute at (a) Maximum (b) Minimum
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Figure6.38depicts the instantaneous static temperature variation acsorsgle revolution for

(a) asymmetric volute and (b) CTT volute from the first profile to the outlet. The minimum,
maximum, mean and standard deviation have also been presented for static temperature across
each selected profile through the centrifugal poessor volute.In both cases, static

temperature initially increases inside the volute.

In Figure6.38(a), there are some static temperature overlaps display@d-bEtQ f DQG f
$VLGH IURP WKLV VWDWLF WHPSHUDWXUH LV VHHQ WR LQFL

f Figure 638 D WDEOH VKRZV WKDW PLQLPXP VWDWLF WHP
maximum static temperature is at the outlet. Moreover, the maximum standard deviation of
VWDWLF WHPSHUDWXUH LV DW f

In Figure6.38 E  VWDWLF WHPSHUDWXUH LQFUHDVH IURP f WR
DUH VRPH RYHUODSV LQ VWDWLF WHPSHUDWXtUskthticGRZQV W
temperature at the outlet decreases less than that at the exit cone, leaving static temperature to
be highest at the discharge dukigure6.38(b) tableshows that minimum static temperature is

DW f ZKLOH WKH PD[LPXP VWDWLF WHPSHUDWXUH LV DW V
VWDQGDUG GHYLDWLRQ RI VWDWLF WHPSHUDWXUH LV DW f
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Figure 6.38 Instantaneoustatic temperatur@ariation through (a) Aymmetric volute and (b) CTT volute
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6.6.4 Head LossVariation through the Asymmetric Type Volutes
Figure 6.39 depicts the total head loss across low operating speed of 5&89rasd high

operating speed of 98.2rp&! at low flow rate, design flow rate and high flow rate for the CTT
volute and Asymmetric volute. It can be seen that as the fioassate increases, total head

loss also increases across both operating speeds for the Asymmetric volute and only at high
operating speed of 98.2rp&! for the CTT volute. At low operating speed of 58.9¥gs/total

head loss iseen to slightly decrease.
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Figure 6.39 Total Head Loss through the Volute at different flow rates

Figure6.40depicts the head loss across low operating speed of 58#rasd high operating
speed of 98.2rpaK at low flow rate, design flow rate and high flow rate for (a) the CTT volute
and (b) the Asymmetric volutdn Figure 6.40 (a), it is noticed & low operating speedf
58.9rpsAK, head loss for design flow is lower than low flow and high flow froma090O f.
Thereafter downstream of 90 f to the outlet, headsldsgher through the volute during design
flow conditions than that at low flow and high flow conditions. Fromtd ¥35 fhigh flow
conditions show only very slightly higher head loss than low flow conditions. Head loss
between high flow conditions and loffow conditions are the same from 13%® f180 fand
downstream from 225¢ the outletMaximum head loss at low flow conditions occur between
15 fand 90 f, whereas the minimum head loss occurs betweean8l1345 f. For design flow
conditions, maximum and minimum head loss occurs betweeantb90fand between Oahd

15 f, resztively. For high flow rate, the maximum head loss occurs betweeraii® £0 f,
while minimum head loss occurs between 3Hm@d 345 fAt high operating speeaf
98.2rpsAK, head loss for low flow from fto 90 f is high than that during design flow and high
flow conditions. Thereafter, downstream from fQ6 the outlet, head loss through the volute

increases as the flow rate increases. Maximum head loss at low flow conditions oce@nbetw
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45 fand 90 f, whereas the minimum head loss occurs betweean22870 f. For design flow
conditions, maximum and minimum head loss occurs betweearmtbJ0fand between 31p
and 345 f, respectively. For high flow rate, the maximum head loss loetwueen 45and 90 f,
while minimum head loss occurs betweefafid 15 fin Figure6.40(b), it is noticed head loss
increases as flow rate increases at both operapegds of 58.9rp3K and 98.2rps¥. For
both operating speeds,aximum head loss at low flow conditions occur betweenadts PO f,
whereas the minimum head loss occurs between &1 330 fin addition to this, ér design
flow conditions, maximum and mimum head loss occurs between 45g¢ 90 And between
315 fand 330 f, respectivelyor high flow rateat low operating speed of 58.9rpis/ the
maximum head loss occurs between a0df 45,fwhile at high operating speed of 98.2rgs/
maximum head loss oacs between 45gnd 90f. Furthermore, minimum head loss occurs
between 315gnd 330 f IRU ERWK RSHUDWLQJ FRQGLWLRQV DW KLJK |

Low Speed Low Flow  Low Speed Design Flow Low Speed High Flow
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Figure 6.40 Head loss variation through (a) CTT volute and Asymmetric volute
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Figure6.41depictsthe wall shear stress incurred sections of the scroll of the volute casing.

t FDQ EH VHHQ WKDW ZDOO VKHDU VWUHVVHYV LQLWLDOO\ L
decreasing downstream. It can be seen that the Asymmetric volute has higher wall shear
stresses acting on the casing of the scroll than that of the CTT volute. Highest wall shear stress
variation between the Asymmetric volute and the CTT volute is depicted in the second section,
which is between the first profil® Q G f YXUWKHUPRUH WKH ORZHVW ZD(
between the Asymmetric volute and theTCuolute is depictedn the sixth section, which is
EHWZHHQ f SPeEQABPENIDIX 9 for details.
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Figure 6.41 Comparison of wall shear stress on the asymmetric type centrifugal compressor volute casing

o

Figure6.42depicts head loss incurring through sections of the scroll of the volute casing. The
similar trends can be identified here as that in Figudd. The Asymmetric volute is seen to
present higher head losses through the scroll than that of the CTT volute. In both cases, head
ORVV LQFUHDVHYVY LQ WKH VFUROO IURP f WRtrenfistt&tULRU W]
are same as those depicted in Figoml signifies the interrelationship between wall shear
VWUHVYVY DQG KHDG ORVV +LJKHVW KHDG ORVVHV LQFXUUHC
the first profile, while the lowedtead loses incurred through the scroll are of that between

f WR f See APPENDIX 10 Head Loss through Volute Scroll Section for details.
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Figure 6.42 Comparison of head loss on the asymmetric type centrifugal compressor volute casing
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Figure 6.43the instantaneous head loss variation through (a) asymmetric volute and (b) CTT
volute from the first profile to the cuff location over one revolution. The minimum,
maximum, mean and standard deviation have also been presented for head loss through each
section of the centrifugal compressaiute scroll during one revolutiom the case of Figure

6.43(a), head loss through the scroll of the volute is clear, whereas in the dagare®6.43

(b), there are distinct overlaps in head losses from 18Bf5f GXH WR PLQLPDO YD
between these sections of the screljure6.43 (a) and Figures.43 (b) tablesshow that for

both cases, minimum head loss occurs in the last section of the VFUROO EHWZHHQ
ZKLOH WKH PD[LPXP KHDG ORVV RFFXUV LQ WKH WKLUG VH
Furthermore, the maximum standard deviation of head loss occurs in the first section of the
VFUROO EHWZHHQ f DQG f
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Figure 6.43 Instantaneous head loss variation through (a) Asymmetric volute and (b) CTT volute

6.7 Summary

This section has employed MuRieference Frame and Sliding Mesh techniques using CFD to
investigate and thoroughly understand some of the aerodynamic flow characteristics inside the
turbocharger compressor stage and its volukes €xtensively detailechvestigation enables

one to better understand the flow mechanics and tothese findings gathered from this
section to provide improvements during experimentation and during the design process. For
example, during experimentation, the presented flowcttres are difficult to capture,
therefore a control section can be installed at the presented locations. During the design
process, determining the strengths and weaknesses of flow behaviour inside the volute can be
used to set a foundation to design amprioved turbocharger compressor volute to real

operating conditions.From detailed analyses carried out on the aerodynamic flow

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 282
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER SX: DESIGNMETHODOLOGY FOR A
TURBOCHARGERCOMPRESSORVOLUTE

characteristics of the turbocharger compressor stage and through its volute, the findings of the

presented results are summarised:

X Novel volute design methodology for a turbocharger compressor has been developed.

x All symmetric crosssection volutes designed to actual conditions have higher
isentropic efficiency than that designed to ideal conditions at high flow rate.

x Ellipse 2:3designed to actual conditiomepicted the highest isentropficiency at
design flow rate, which is displayed to be the optimal configuration for this application.

x Ellipse 2:3 designed to actual conditions depicted the highest static pressure, lowest
velocity magnitude and highest static temperature through the turbocharger compressor
volute from all the symmetric cros®ctions that have been investigated

x Downstream from 45 f, all symmetdmsssections designed to actual conditions
identified less had loss compared to that designed to ideal conditions.

x From 90 fo 315 fall symmetric crossections designed to actual conditions identified
less wall shear stress compared to that designed to ideal conditions.

x Asymmetric volute depicted good agreement with the experimental data and the
numerical of the existing volute at low operating speed.

x Asymmetric volute depicted lower isentropic efficiency, low static pressure recovery
and higher total pressure loss thannhenerical of the existing volute thraugll flow
rates and at both operating speeds.

x Asymmetric volute displayed higher static pressure and lower velocity magnitude from
90 fto the cutoff location; and higher static temperature downstream oftl#&nfthe
existing volute.

X There are more secoay flows incurring along the radial directiathrough the
centrifugal compressor volute for the CTT model than the Asymmetric model,
suggesting considerably less pressure head loss incurred. This demonstrates that
frictional effects have been taken into consideration in the volute design.

X There are more secondary flows incurrinpng the radial directionthrough the
centrifugal compressor volute for the Asymmetric model are more prominent than for
the CTT model, suggesting there are more head loss @dctirat are associated with
velocity for the Asymmetric model.

X Secondary flows along the axial directibmough the centrifugal compressor volute for
all cases are very simildor pressure and velocitfHowever, the Asymmetric volute
depicthighersecomlary flows in comparison with the CTT model in the tongue area.
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This could be a result of modelling the tongue from set guidelines and not having a
characterised expression integrated into the volute design equation for the tongue,
therefore neglecting frtional effects in this region.

At low flow rate for both speeds, asymmetric volute depicts less total head loss than the
existing volute.

Asymmetric volute has higher wall shear stress and higher head loss than the existing
volute.

The instantaneous minum and maximum results for asymmetric type volutes,
predominantly displayed opposing low and high areas, which is similar for both cases.
OLQLPXP VWDWLF SUHVVXUH RFFXUV DW f IRU WKH DV\
SUHVVXUH RFFXUV IURP f WR f IRU WKH H[LVWLQJ Y
occursat the discharge duct and outlet with the maximum standard deviation of static
SUHVVXUH DW f IRUERWK YROXWHYV

Minimum velocity magnitude is at the outlet, while the maxamxelocity magnitude is

DW f WKXc PD[LPXP VWDQGDUG GHYLDWLRQ RI YHORFL\
volutes.

OLQLPXP VWDWLF WHP S Hthémaxiroumh dtatic Bevidperafure 4sKat theH
RXWOHW DQG WKH PD[LPXP VWDQGDUG GHYLDLRQ RI
asymmetriovolute.

MLQLPXP VWDWLF WHPSHUDWXUH LV DWaturg isakitheOH WKH
discharge duct and the maximXP VWDQGDUG GHYLDWLRQ RI VWDWL
the existing volute.

OLQLPXP KHDG ORVV RFFXUV EHWZHHQ f DQG f Z
RFFXUV EHWZHHQ f DQG f OD[LPXP VWDQGDUG GHYL
first sectionoftH VFUROO EHWZHHQ f DQG f IRU ERWK YROX!'

The conducted analyses provides sufficient knowledge the local performance indicators offers
the global performance indicators for the volute and the turbocharger compressor stage. The

next section provides coludes the discoveries of the presented research study, clearly
highlighting the goals achievedontributionsand additions to existing knowledge regarding

the volute design methodology for a turbocharger compressor stage.
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CHAPTER /
CONCLUSIONS

With regards to the aerodynamic and performance characteristics ofoliie designed

neglecting frictionand the volute designed incorporating friction for centrifugal compresbiss
chapter details the conclusions drawn from the results obtained in previous chdpeers
achievements and contributions to the existing knowledge are summarised and whess\xée
referenced back to the initial aims of this study. Finally, the tasks carried out in this study are
evaluated and requirements for future work in the area of volute design for centrifugal compressors

are defined.
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7.1 Research Problem Synopsis

Many researcherbaveinvestigatedcentrifugal compressors thouge volute had not been of
prime focus until the 199072]. The expression employed in previous studies neglects friction
hence, those volute models in literature having symmetric circular-sectisn appear
superior[1, 19, 46, 51]. Centrifugal systems that have larger volutes such as fans and pumps
have negligible frictioal effecs, thus are of limited used regarding turbochargers. Conversely,
compressors especially those operating at high pressure conditions, have a much narrower
volute whereby friction is highly important and hence cannot be ign@ép Literature
researchhas establishedho expression for volute design incorporating friction. Henloes, t
particular study numerically explores the effect of volute design under ideal conditions where
friction is neglected, as well as under actual conditions where friction is included as a
parameter, establishing a new volute desgpressiorntailored for centrifugal compressors.
From extensive review of published literatra number of limitations have been discovered
concerning the aforementioned points. In order to accurately predict the flow strasture
performanceébehaviour in the centrifugal comgssor volutea set of aims and objectives have
been formulated which define the scope of this research study. This chapter sumiiarises
primary aims achievements and contributiomd the research projecfor reference, the

detailed objectives within each of these aims are given in Chapter 2.

7.2 ResearchAim and Achievements

The research aims of this thesis are defined from an extensive literature review in this area.

Research Aim:Analyse the flow characteristics of the turbocharger compressor and its
volute during steady and unsteady response to develop a novel design methodology for

the turbocharger compressor volute.

Achievement # 1:This researchstudy provides a detailed CFD based investigation on the
global and local flow field, through the turbocharger compressor stage and its volute,
respectively. Th initial part of the investigation has been carried out using the Multiple
Reference Framethnique for steady simulations. Two operating speeds have beertgesen
EHLQJ USV ¥SVYEG DFURVYV W Knaidétybled& IdwUdedigmand high.

This is carried out in ordé¢o understand the flow behaviour over a wide raamge to explore

what the performance indicators offer each component within the turbocharger compressor
stage,aswell as inside its volute across various crssstions The experimental data of the
turbocharger compressor stage has been used to verify the numerical data and setup for the
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research studyia the performance map and efficiency ma@pe overall perfomance of the
turbocharger compressor volute has been analysed via the total pressure loss and static pressure
recovery Based on detailed numerical investigation on the flow characteristics, pressure
velocity and temperature fields have been qualitagtivahd quantitatively analysed
macroscopically and microscopically. Qualitative analyses makes use of pressure, velocity and
temperature contourduring steady respons@uantitative analyses makes use of pressure,
velocity and temperature profiles alotige radial direction and the axial direction across

various crossections around the volutturing steady responsé&hese are presented using
asymmetric ratiogms a method of representing flow dominance and secondary flows at different
locations through the voluteThe results provide a clear canvas of aerodynafiow

characteristics within a turbocharger compressor stage and its gohitg steady response.

Achievement # 2 This researchstudy provides aletailed CFD based investigation on the
global and local flow field, through the turbocharger compressor stage and its volute,
respectively.The second panf the investigation has been carried out using the Sliding Mesh
technique for unsteady simulatioi$ie unsteady responses are taken at two instawbésh

are referred as Blade Position 1, where the impeller blade is aligned with the volute tongue,
which has been taken at 18Mpeller rotation; and Blade Position 2, where the impeller blade

has passed the volute tongue and another blade is approaching the tongue, which has been
taken at 225ifnpeller rotation. Taking the revolution averaged, the unsteady response of the
turbodarger compressor stage has been analysed via the performance map and efficiency map;
and the overall performance of the turbocharger compressor volute has been analysed via the
total pressure loss and static pressure recoBayed on the detailed nuneai investigation

on the flow characteristics, pressuvelocity and temperature fields have been qualitatively

and quantitatively analysed macroscopically and microscopicllyesign flow at low
RSHUDWLQJ VSHHG RI USV ¥. DQGUKNIQuaRSEIvelabalse®)J VSHI
makes use of pressure, velocity and temperature contours, while quantitative analyses makes
use of pressure, velocity and temperatprefiles alongthe radial directionand the axial
direction across various cressctiors around the volute durintyvo instances These are
presented using asymmetric ratios as a method of representing flow dominance and secondary
flows at different locations through the volufEhis has been carried out to understand the
behaviour thatperfamance indicators offer each component within the turbocharger

compressor stage, as well as inside its volute across variousseotsss. The results
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presented provide a clear canwasaerodynamidlow characteristics within a turbocharger

compressortage and its volutduring instantaneous response.

Achievement # 3 This researchstudy provides a detailed CFD based investigation on the
global and local flow field, through the turbocharger compressor stage and its volute,
respectively. Th final partof the investigation has been carried out using the Multiple
Reference Frame and Sliding Meskchiniqus for steady and unsteadgimulations,
respectively. Itpreserd the design methodology for the turbocharger compressor volute for
both, symmaetc and asymmetric type voluteShesecan be universally utilised to express the
centrifugal compressor volute desigha symmetric type volute having a circulalliptical 2:3

and elliptical 3:2crosssectionandan asymmetrictype volute havinga circular crossection
Symmetric type volutes have been designed firstly using the basis of an expression that
currently exists, which neglects frictional effeatsd is for ideal conditiong hree volute cross
sections have been investigated, namely, circular; ellipse 2:3; and ellipse 3:2. Following on
from this, same crossection shapes have been designed using another expression that has been
derived from the basis of that existifighis existingexpressions readily available in text and
literature and is appropriatefor fans and pumps, thus is inappropriate for centrifugal
compressors since friction is an essential factor which must be considered in compressible flow
applicationsdue to its narrow passage at high pressure conditioms newly deeloped
expression for centrifugal compressor voluesign incorporates fritonal effects as a
parameteandis unique since it demonstrates a design engineered for actual conditsis
currently unavailable in text and literatuferom here, the gsmetric volute incorporating
friction as a parameter has been designed, since the existing volute provided by the company is
asymmetricBased on the detailed numerical investigation on the flow characteristics, pressure,
velocity and temperature fieldsave been qualitatively and quantitatively analysed
macroscopically and microscopicallualitative analyses makes use of pressure, velocity and
temperature contours during steady response, while quantitative analyses makes use of
pressure, velocity and rigeratureprofiles alongthe radial directiorand the axial direction
acrossvarious crossections around the volute. These are presented using asymmetric ratios as
a method of representing flow dominance and secondary flows at different locations through
the volute Further to this, wall shear stress and head los® héso been presented to
understand the influences of friction on the volute design. The focus of this seattolesgn

flow during high operating speed of 98.2rjs§/ This design point ls&abeen selected since it is

at which the numerical and experimental data were in highest agreement during the verification

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 288
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



CHAPTER SEVEN: CONCLUSIONS

process For the symmetric sector, steady flow field behaviour acvas®us crossections

and how that designed to neglect frictional effectshtt designed to incorporate frictional
effects influences the flow fieJchave been studiedzor the asymmetric sector, steady and
instantaneoudlow field behaviour have been captured and explored between the newly and
realistically designed volute tailored to centrifugal compressors, to that which is in existence
andin use. The minimum and maximum of instantaneous results have been captured and the
percentage differaes fromthe revolution averagleave been presentetihe results provide a

clear canvasof aerodynamidlow characteristics within &urbocharge compressostage and

its volute designed neglecting frictional effe@sd the incorporating frictioml effects The
purpose of this is to characterise the flow features where losses are present and to reiterate the
importance of accounting for the frictional effects in the centrifugal compressor volute design
methodology.The development of such universal tool designeéciically for centrifugal
compressors where the flow structure is far moramlex which also shows realistic resulis

the main achievement of the presghiesearch study

7.3  Thesis Conclusions

A detailedstudy has been undertakém support the existing literature witlegards to the
design of a centrifugal compressor volul@is has facilitated in novel additions to improve the
current understanding of the flowharacteristics,geonetry related effects and design
methodology fora centrifugal compressor volut&he conclusions of this research study are

summarigd as follows:

Research Objective # 1Analyse the flow characteristics of the turbocharger compressor
stage and its volute at design and offesign conditions at low and high operating speeds

during steady response.

Conclusion # 1: From the investigations carried out in this stiidgan be concluded that

static pressure recovery coefficient falls below 0 at low operating sgged His indicaes

there are more pressure losses taking place at the chodi@ao than pressure recovery due to
secondary flows causing head loss as a result of friddmyhest static pressures are extadi

at the surge condition, while lowest static pressures are exhibited at the choke condition around
the turbocharger compressor stage and its valsitexpected?]. Low flow conditions depict

little static pessure variations to that at design flow compared to high flow conditions for both
operating speeds. ighest velocity magnitude distributions are displayed at the choke
condition, while lowest velocity magnitude distributions are displayed at the surge condition
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for both operating speeds. There is a more significant difference in velocity magnitude across
each plane compared to that at the owtldéhe surge condition for both operating spekdw:

flow at low operating speed depicts the most velocity magnitude variation compared to that at
design flow.These are expected because during surge, the system is trying to add more energy
into the flow to overcome system resistance whereas, during the choke condition, mass flow
has reached its maximum, hence ediowould be at its highest and pressure would be at its
lowest since pressure is inversely proportional to velociyghest static temperatures are
exhibited at the surge condition, while lowest static temperatures are exhibited at the choke
condition aound the turbocharger compresstage and its volutéligh flow conditions depict

little statictemperaturevariations to that at design flow compared to low flow conditions for
both operating speed¥hese are expected since there is a directly proportional relationship
between pressure and temperatUMdth respect to the asymmetric ratio, symmetric ratio
signifies desirable flow characteristics and asymmetric ratio signifies the presence of secondary
flows, which means more energy is requiret do losses taking place as a result of friction.
Therefore, the more symmetric the ratio means the better the volute perforoas be
concluded thastatic pressure variation along the radlakctiondepicts significant asymmetry
through the profilearound the volute than static pressure variation along the diseation at

both operating speed&or both operating speeds, flow velocity magnitude is significantly
asymmetric through the centrifugal compressor volute, lspaald radidly. Static temperature

in the flow during low operating speeds is much more symmetric than static temperature in the
flow during high operating speedé/ith respect to the effect of flow behaviour inside the
volute on the operating speed, it da@ concluded thathere are more static pressueand
velocity magnitudevariations occurring from one plane to the next around the volute at high
operating sped than at low operating speed, while static temperatapécts negligible
variations occurring in the flow from one pkato the next, through the centrifugal compressor
volute across both operating speelisan also be concluded thiiere aremore significant
differencesin static pressurand static temperatuiross each plane compared to that at the
outletat high operating speed than at low operating spdedeover, i can be concluded that
globally in comparison with low operating conditions, high operating speeds predominantly
increases in static pressure through the inducer inlet, impeller outlet, diffuser and volute;
increases throughout for velocity magnitude; and predominantly increases in static temperature
through the impelle outlet, diffuser and volutelLocally in comparison with low operating
conditions, high operating speeds increases across theseobiems for static pressure,

velocity magnitude and static temperature through the turbocharger compressor volute. Further
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to this, asymmetries along the radial directaond axial directiorof the crosssection profiles
around the centrifugal compressor volute mn@e prominent for pressure and velodty a
result of secondary flowsVioreover,the extent of secondary flows inside the centrifugal

compressor volute is a function of flow rate.

ResearchObjective # 2 Analyse the flow characteristics of theurbocharger compressor
stage and its volute at design conditions of low and high operating speeds during
instantaneous response, focussing on the effect of impeller blade position with respect to

the volute tongue.

Conclusion # 2:From the investigations carried out in this stutigan be concluded that both
globally and locally, there are negligible variations between the two instances. This is because
the centrifugal compressor employed in the presented study has a vaneless diffuser between the
impeller and the volute. Further to this, both operating speeds are relatively high in this case
compared to that of fans and puntpss, capturing these effects is challengihgan also be
concluded that isentropic efficiency is overestimated in comparison with the experiment data
and the steady cask.had also been found that static pressures and static temperatures are
higher at higher speeds, while velocity magnitude is loWeran alsabe concluded thahe
asymmetric ratio for static pressure along the radi@dction is predominantly asymmetric
towards the outer curve at both operating spegtse static pressure along the axdakection

is almost symmetric at Vo operating speed. At high operating speed, static pressure along the
axial direction is asymmetric towards the rear face downstream tof22%or to depicting
asymmetry is towards the front face downstream to the oditigtitionally, the asymmetric

ratio for velocity magnitude along the raddtectionis predominantly asymmetric towards the

inner curve for both operating speeds, while velocity magnitude along theda®ietion is
asymmetric towards the rear face for all cases at low operating speed. At high operating speed,
velocity magnitude along thexial directionis asymmetric towards the rear face for the steady
case and asymmetric towards the front face for both instantaneous cases. Furtheanore, t
asymmetric ratio for static temperature aldhgradial directionis predominantly asymmetric
towards the outer curve for both operating speeds, while static temperature along the axial
directionis predominantly symmetric at low operating speed and asymmetric towards the front
face for all cases digh operating speedt can also be concluded that static pressure for both
unsteady cases and the steady case are in agreement, while velocity magnitudes for both
unsteady cases are in agreement downstream @ftvdb prominent variations against the

steady case. Moreover, static temperature for both instantaneous cases and the steady case
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depict variations, which are more prominent on the flow alongati@ direction than the
radial direction It is also concluded that the extent of secondary flows inside the centrifugal
compressor volute is not a predominant function of impeller blade position with respect to the

volute tongue.

Research Objective # 3Develop a design methodology for symmetritype turbocharger
compressor volutes of various crossections neglecting frictional effects and
incorporating frictional effects and asymmetric type turbocharger compressor volute

incorporating frictional effects.

Conclusion # 3:Using existing knowledge from text and literature, a thorough understanding
provided the tools and capabilities to derive a unique expression engineered specifically, for
centrifugal compressor volutes that is designed for actual operating conditfeare frictional

effects have been incorporated into its very expression. Design methodology for symmetric
type volutes neglecting friction and incorporating friction have been developed for various
crosssections, namely, circular, elliptical 2:3 and elliptical 3:2. Further tq thes design
methodology for the asymmetric type volute has also been developed since the existing volute
is also asymmetric. This design methodology can make a valid comparison to that which

currently exists.

Research Objective # 4Analyse the flow characteristics of the symmetric type centrifugal
compressor volute with various volute crossections and investigate the incurred energy

loss through the volute during steady response.

Conclusion # 4:From the investigations regardingrried out in this study, it can be concluded

that dl symmetric crosssection volutes designed to actual conditions have higher isentropic
efficiency than that designed to ideal conditions at high flow Elipse 2:3designed to actual
conditions depicted the highestns®pic efficiency at design flow ratas well as depicting

the highest static pressure, lowest velocity magnitude and highest static temperature through
the turbocharger compressor volute from all the symmetric -sexd®ons that have been
investigatedlt can also be concluded thatwinstream from 45 f, all symmetric cresstions
designed to actual conditions identified less head loss compared to that designed to ideal
conditions. frther to this, fom 90 fto 315 fall symmetric crossections designed to actual

conditions identified less wall shear stress compared to that designed to ideal conditions.
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Research Objective # 5:Analyse the flow characteristics of the asymmetric type
centrifugal compressor volute, investigate the incurred energy loss thrgh the volute and
compare this model with the original existing model during steady and unsteady

responses.

Conclusion # 5:From the investigations carried out in this study, it can be concluded that the
asymmetric volute depicted good agreement with the experimental data and the numerical of

the existing volute at low operating speed. Asymmetric volute depicted lower isentropic
efficiency, low static pressure recovery and higher total pressure loss thramthgcal of the

existing volute through all fle rates and at both operating speeds. Asymmetric volute
displayed higher static pressure and lower velocity magnitude frono90ef cutoff location;

and higher static temperature downstream ofthary the existing volute. At low flow rate for

both speds, asymmetric volute depicts less total head loss than the existing \tobatiealso

be concluded that thesymmetric volute has higher wall shear stress and higher head loss than

the existing volute Additionally, it can be concluded thahé instantaeous minimum and

maximum results for asymmetric type volutes, predominantly displayed opposing low and high
areas, which is similar for both voluteehe mLQLPXP VWDWLF SUHVVXUH RFFX
asymmetric volute, while minimum static pressure occutsR P f WR f TIRU WKH H
volute. The maximum static pressure occurs at the discharge duct and outlet with the maximum
VWDQGDUG GHYLDWLRQ RI VWDW LFurtBdonrbxeyhXiohtin Dalécity f IRU E
magnitude is at the outlet, whiletth PD[LPXP YHORFLW\ PDJQLWXGH LV DW
VWDQGDUG GHYLDWLRQ RI YHORFLW)\ MbE@RAOVEILMWGHSstat D W f
WHPSHUDWXUH LV DW f ZKLOH WKH PD[LPXP VWDWLF WHP
standard devis'd LRQ RI VWDWLF WHPSHUDWXUH LV DW f IRU WKF
WHPSHUDWXUH LV DW f ZKLOH WKH PD[LPXP VWDWLF WHI
PD[LPXP VWDQGDUG GHYLDWLRQ RI VWDWLF WHRSHUDWXU I
MLQLPXP KHDG ORVV RFFXUV EHWZHHQ f DQG f ZKLOlI
EHWZHHQ f DQG f OD[LPXP VWDQGDUG GHYLDWLRQ RI Kl
WKH VFUROO EHWZHHQ f DQG f IRU ERWK YROXWHYV
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7.4 Thesis Contribution

Thenovel contributions of this research study are summarised:

Contribution # 1: Existing literature has limiteons on he detailed flow analysis through the
turbocharger compressor volutélence,the firstmajor contribution of this research study is

the detailed flow characterisation during steady conditions through the turbocharger
compressr and its volute, respectivelyhese includehe fluid flow distributions across each

of the specified locations around the volute, which have been compared against that depicted at
the outlet flow distributions through the volute at the -ofsign conditions compared against

that at design conditionandflow distributionsat high operating speeds compared with that at

low operating speeds. The fluftbw structures have been captured along the radiegction

and axial direction of each profile, which has been used to compute the asymmetric ratio to
determine theflow dominanceand represent secondary flowlsring steady respons&he

available literature does nptovide this information.

Contribution # 2: The secondmajor contributionof this research study idetailed flow
characterisation during unsteady conditions through the turbocharger compressor and its
volute, respectivelyThe unsteady responses are taken at two instamtese the impeller

blade is aligned with the volute tongue, and where the volute tongue is between two blades
Flow behaviour acrossachcrosssection has been compared against that depicted at the outlet;
unsteady conditions hay®en compared against steady conditions; and high operating speeds
have been compared with low operating speeds. Furthermore, flow structures have been
captured along the radidirectionandaxial directionof each profié, which has been used to
compute the asymmetric ratio of flow dominanand represent secondary flows during

unsteady responséhe available literature does not provide this information.

Contribution # 3: The third major contribution of this research studihis development of a

novel design methodology for eentrifugal compressor volute. Novel analytical expressions
have been derived by the author and other novel expressions have been derived by Baker
(2018), all of which havenot yet been applied into practice nor had it been numerically
investigated. Therefore, the author applied these expressions into practice and carried out the
numerical investigationsvith novel analysesThe friction incorporated expression for the
volute design had been derived by the author and nunigrasalysedThe flow structure of

all these had been captured demonstrating the influkictenal effectshavein the volute
design.Complexflow structure of pressure, velocitandtemperaturénave been investigated
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where the radialdirection and axial direction profiles had been captured enabling the
asymmetric ratio of flow dominance to be determiaad secondary flows to be quantifiéal.
addition to this, the percentage difference contours of pressure, velocity and temperature have
been presentettom the maximum and minimum points captured during the instantaneous
response.Furthermore new flow field indicators for head loss, wall shear stress and
asymmetric ratio have been developaad wall shear stress and energy loss havenbee
guantifiedthrough the voluteluring steady and instantaneous responBkis. information is

currently unavailable in existing literature
Supervisor Contributions

Professor Rakesh Mishra supervised the author throughout the PhD journey. With the
collaboration of DriPaul Eynon and Dr Michael Dolton at Cummins Turbo Technoloties,

need forthis research project had been presented in the fieldirbbcharger compressor
volute The experimental data used in this research study had been prdwd€dmmins

Turbo Technologies and the numeri€atilities of Computational Fluid Dynamicksad been

made available at the University of Huddersfieldr Paul Baker contributed towards this
research study through the derivation tbé expressions for the symmetric elliptical 3:2,
symmetric elliptical 2:3 and asymmetric circular cresstion volutes neglecting frictional
effects. The expressions of the friction incorporated volutes had been derived by the author.
ProfessoRakeshMishracontributed throughout this research with his ideas, insightdance

and technical knowledge. Dr. Taimoor Asiat the University of Huddersfield and John
Horsley at Cummins Turbo Technologies haeatributed towards this research through the
numerical expertise and suggestionko8d Professor Rakesh MishrBr Paul Baker, Dr.
Taimoor Asim at the University of Huddersfield well asDr. Paul Eynon, Dr. Michael Dolton

and John Horsley at Cummins Turbo Technologies wish to use the author’s data to conduct
and/orpublish further researchhay arefree to do so with the author being the author or the

co-author to any publications where any work and concepts from this tieasbeen used.

7.5 Recommendation for Future Work

The flow characteristics during steady and instantaneous conditions aasmeditablishing a
design methodology farentrifugal compressor volutes have been presented isttluig, such

that gaps identified in literature could be bridged. In light of the concluded remarks provided in
the previous seidns, a great potential fdurther research in this particular area of design has
been unveiled. The main areas identified for further work are descvibwch are associated
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with understanding the flow characteristics further, and undertaking further developments in

design and optimisation of centrifugal compressor volutes.

Recommendation # 1:The presented flow characteristics are of pressure, velocity and
temperature during steady responsker€fore future reommendations are to explore other
flow properties such as entropy and enthalpy generation, along withdilhmeasional flow
characteristicssuch as swirling strength, tangential velocity and vorticity as well as turbulent
properties such as Q criterion, inside the volliterough analysis of these flow characteristics
aong with that presented in this studyjll provide an improved understanding of flow
structure and behaviowVith extensive focus on the boundary layer inside the volute, this will
be a valued addition fduture improvements to the friction incorpordtexpressionswhere

additional flow related terms can be integrated

Recommendation # 2 The presented flow characteristics are of pressure, velocity and
temperature during unsteady response. Therefore, future recommendations are to explore the
instantaneus response of aforementiondtbw characteristics inside the voluteThe
instantaneous response recommended here, tsati@ent behaviour in terms of acceleration

and deceleratiomas well as across different flow rat@his will provide a more realistic and
valuable set of data collation, which can be used to make improvements to the friction

incorporated expression, where additional flow related terms can be integrated.

Recommendation # 3 The presented expressions af the scroll and therefore future
recommendations are to characterise the exit cone, discharge duct and tongue of the volute.
These integrated together will provide an expression for the complete volute. Design
optimisation is recommended for furthervédbopments Additionally, only the circular cross

section of the asymmetriype volute had been studied. The symmetyipe volute with the

elliptical 2:3 crosssectiondesigned to actual conditions presented positive results during this
study Further tothis, sincethe asymmetry fothe volute has a significanbfluence on the
turbocharge compressoperformancg81], it is encouragingo capture its performance as an

asymmetric crossectiored volute for turbochargingpplications

Recommendation # 4 The presented research has been carried out numerically and therefore
future recommendations are to explore the flow characteristics through variousentisss
using experimentatiorsuch as Particle Image Velocimetry (PIV) with a volute manufactured

using a transparent material
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APPENDIX 1 Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is the numerical analysis of systems involving fluid
mechanics, thermodynamics and associated phenomena using ceoagettisimulation. This
numerical technique is a wepowerful prediction tool that can be employed into investigations
over a vast range of industrial and riadustrial application areas. Since the 1960s, CFD
techniques have been integrated into the design, Research & Development (R&D) and
manufacture osystems. More recently, this numerical methodology has been implemented to
design, analyse and predict flow phenomena in order to conduct investigations on systems and
their processes across a wide range of applications. Such applications range fronmcalecha
aerospace and motorsport engineering to simulate high performance components, systems and
vehicles, to oceanography simulating ocean currents, to medicine simulating blood flows

through the living and even the cause of deceased in forensics appsi¢a9].

Elaborating this furthein order to understand the expansion of how broad CFD branches out;
such applications include, turbomachinery in terms of analysing the flow map inside volutes,
diffusers and rotating passages, such as the impeller; power plant applications to analyse and
predict the combustion process in internal combustion engines, combustion chambers of gas
turbines and furnaces; aerodynamics of aircraft and vehicles to analyse and predict the effect of
forces and moments; hydrodynamics of ships; electrical and eliecegineering to analyse

the cooling of equipment, such as microcircuits; external and internal environment of buildings
to analyse and predict wind loading as well as heating and ventilation; meteorology to predict
the weather; hydrology and oceanograpbyanalyse the flows in rivers, oceans, estuaries;
environmental engineering to analyse and predict the distribution of pollutants and effluents;
marine engineering to analyse the loads on offshore structures; chemical process engineering to
analyse polyrar moulding, mixing and separation; biomedical engineering to analyse blood
flows through arteries and veins; forensics to analyse and predict causes of fires, the deceased

in the scattered blood patterns at crime scenes to solve cases; and [§&®forth

The variable cost of an experiment, in terms of hiring a facility or a person, or both,
accumulates in hourly costs, which is proportional to the number of data points and the number

of configurations tested. In contrast to this, CFD codes can produeenektrlarge volumes of

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 304
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



APPENDICES

data at no added expense, as well as being a very cheap method to conduct parametric studies,
such as performance optimisation. As a result, it can be accredited that CFD has become an
essential component in the field research ashaley not only in the sector of improving

existing research, but also in the sector of creating innovative resfjch [

Working of CFD Codes
There are three main components of numerical solution techniques namely being, the finite

difference, finite element and spectral methods. Finitaumael method, a special finite
difference formulation, is crucial to many well established CFD codes. The numerical
algorithms involve the integration of the governing equations of fluid flow over the all the
control volumes of the domain, discretisation or conversion of the resulting integral equations
into a system of algebraic equations and the solution of these equations by means of employing

an iterative metho{b9].

Figure 3.1 depicts the visual representation of the solver process.

Figure A.1 Process of the Solver

CFD codes are structured around the numerical algorithms that can tackle fluid flow problems.
In order to provide easy access to their solving powecpatimercial CFD packages comprise
of sophisticated user interfaces to input problem parameters and to examine the results. Hence,

all codes contain three main elements. Theses&ie [
% PRE - PROCESSOR

The preprocessing stage entails the input of the flow problem to a CFD programme thnough a
operatoffriendly interface and the subsequent transformation of this input into a format that is
suitable for solver use. The user activities at theppoeessing stage is divided into two
sectors, namely being the geometry sector, which defines dtineetysy of the region of interest,

being the computational domain; and the meshing sector, which subdivides the domain into a

number of smaller, noaverlapping subdomains, being the grid generation. Additionally, this
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stage also involves the requirement floe selection of the physical or chemical phenomena
modelling, definition of fluid properties and the specification of appropriate boundary
conditions at cells, which coincide with or touch the domain bour{@&iy

¥ SOLVER EXECUTION

The solverexecution stage predominantly entails the et the numerical model and the
computation/monitoring of the solution. The setup of the numerical model includes the

following [59]:

x Selection of appropriate physical models, which include turbulence, combustion,

multiphase etc.
x Defining material properties, such as the fluid, solid, ortetc.
x Defining operating conditions
x Defining boundary conditions
x Defining solver settings
x Defining initial solution

X Setting up convergence monitors
The computation of the solution includes:

X The discretised conservation equations are solved iteratively. A number of iterations are

required to reach a converged solution.

x Convergence is reached when change in solution variables from one iteration to the
next is negligible. Residuals provide aaghanism to assist in monitoring this trend.

X The accuracy of the converged solution is dependent upon problem setup, grid

resolution, grid independence, appropriateness and accuracy of the physical model.

¥ POST — PROCESSOR

The postprocessing stage entaihe examination of the results obtained and revision of the

model based on these results. These can be further elaboraté&®]nto [

x Examine the results to viewlsition and extract useful data.

x Visualisation tools can be employed to extract the overall flow pattern, separation,

shocks, shear layers etc.
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Numerical reporting tools can be employed to calculate quantitative results like forces,
moments, and average heat transfeeffizient, flux balances, surface and volume
integrated quantities.

Are physical models appropriate?

Are boundary conditions correct?

Is the grid adequate?

Can grid be adapted to improve results?

Does the boundary resolution requimgrovement?

Is the computational domain sufficiently large?

Since engineering workstations are highly popular in having outstanding graphic capabilities,

the leading CFD packages are now equipped with versatile data visualisation tools. These

include donain geometry, grid display, vector plots, line and shaded contour plots, 2D and 3D

surface plots, particle tracking, view manipulations, colour-pogpt output, streamlines etc.

More recently, these facilities may also include animation for dynamidt display, and in

addition to graphics, all codes produce reliable alphanumeric output and consist of data export

facilities for further manipulation external to the codes. As in many other branches of

Computer Aided Engineering (CAE), the graphics outpapabilities of CFD codes have

revolutionised the communication of ideas to the speeialist{59]. A visual representation

of an overview on implementing CFD based analysis to conduct investigations is presented in

Figure 3.2.

Figure A.2 CFD Overview
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Numerical Formulation of Fluid Flow

There are a range of formulations employed when simulating the flow field of a turbocharger
compressor stage model. These simulations have being carried out using the CFD solver
FLUENT, which is integrated into ANSYS 17. Fluent is a tha@eensional NavieStokes
commercial code that utilises a finkééement based finiteelume method to discretize
transport equations. It is a solvemleedded with various equations that can be solved
simultaneously, creates no limitations on time stepping, and is considered as being simple and
easy to implement. This solver allows the original mesh with many elements to be converted
into polyhedral meskelements, which reduces computation time as well as the number of

iterations required to achieve convergence with reasonable soll#Rins

It is important to understand a few aspects of the Né&tigkes equations prior to continuing
forward The NavierStokes equations assume that the fluid being studied is a continuum,
which means the matter in the body is continuously distributed and fillsnthre eegion of

space it occupies. Historically, the momentum equations were established as theShkiékeésr
equations, however at present day, this terminology has been broadened to also add the
continuity and energy equations. Thus, the entire systdiowfequations (Navie6tokes) is

now referred to as the continuity equation, momentum equation, and the energy equation.
There are six unknown flosfield variables, density, pressure, three components of velocity in

x (nominal), y (parallel), and z (orthogonal) directions, and energy, denoted respdéely

€LQRS A

The following governed equatiomase for threedimensional, unsteady, compressible, viscous
flow. The governing equation of fluid flow represents mathematical statements of the

conservation laws of Physigs9, 60}

* The mass of a fluid is conserved.

* The rate of change of momentum equals the sum of the forces on a fluid
particle. (Newton’s second law)

* The rate of change of energy is equal to the sum of the rate of heat addition to

and the rate of work done on a fluid particle. (First lavhefihodynamics)
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Conservation of Mass
The physical principle of the continuity equation states that mass is condeeredore this is

also known as the conservation of mass equation. It statds@hat

“Mass of the fluid flowing in the control volumeMass of fluid out of the control volume

= Rate of change of mass with respect to time.”

N

o| o
O+

EquationA.1 Conservation of Mass

Conservation of Momentum
The physical principle of the momentum equation is based on Newton’s second law of motion
whereby stating that the application of the net force onto tine larticle is directly dependent

on the mass and acceleration of the fluid element, denot@Dby

The momentum equation is defined as:
“Sum of all forces = Rate of change of Momentum”

There are two sources of forces equating to the net force. These are body forces, which are
forces that acts directly on the volumetric mass and acts at a distance, whereby is defined as
[60]:

For xdirection: éBT @QT@OU@V
For y-direction: éBU @T@U@V
For zdirection: éBV @QT@U@YV

And surface forces that are applied directly on the surface and is caused by pressure
distribution initiated by the external fluid surrounding the particle, as well as normal and shear

stress distributions initiated by the external fluid ‘tuggiog'pushing’ on the surface through
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friction. These stresses are related to the time rate of change of the deformation of the fluid

elemeng60].

Figure 3.3 depicts pressure (black) is always pushing directly into the fluid element. Shear
stresses are the sliding foraas the surface. The shear stress acting on the top surface of the
fluid element (green) is a tugging action, which pulls the element in a positive direction,
whereas the shear stress acting on the bottom surface of the fluid element (green) is a dragging
action, which pushes the element in negative direction. The shear stress (blue) acting on the
front surface of the fluid element is a viscous stress that acts in the positive direction, whilst the
shear stress (blue) acting on the back surface of thedlemdent is a viscous stress that acts in

the negative direction. The normal stress (red) acts normal to surface, which pulls the element
through a viscous action acting as suction that delays the motion of the fluid element. The sum

of these surface foes and body forces equates to the net f@0g [

N

le s

/

Component Direction

Figure A.3 Forces Acting onhte Fluid Elemenf60]

The mass is the matter within the control volume and is defin¢aQyy
é T@QU@V

Acceleration is the increase in velocity with respect to time and is defined by:

o e
For x-direction: -

%G
o %6
For y-direction: el
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¥ @

For zdirection: -
72G

Therefore, through implementation and simplification the momentum equations can be

governed 60].

For x-direction:

aew . OL 0igg Olja Oljs i
—+ | ®eQ)8= F—Ft —+ —+——+ €
oP ®eQ) oT oT ouU oV B
For y-direction:
aerR . oL 0Oig Ol Ol
—+ | ®éR)E= F—+ —+ —+ —+
oP ®eR) ou oT ou oVv
For zdirection:
aes . ., oL 0ig Olj;  Oiy .
- | esS8= F—+ —+—+—+ ¢
oP ® B ov oT oU oV B

EquationA.2: Conservation of Momentum
Conservation of Energy
The physical principle of the energy equation is based on the first law of thermodynamics,
which states that energy is consernvb@refore this is also known as the conservation of

energy equation. It states th&o]:

“The rate of change of energy inside the fluid element = Net flux of heat into the element + the

rate of work done on the element due to the sum of all forces”
Or,
#= $+ %

The term ‘C’ states the rate of work done on a moving fluid ednsedue to the net forces
ERG\ IRUFHYV VXUIDFHV IRUFHV 7KLV LV HTXDO WR WKH

component in the direction of the for@o].

The term ‘B’ states the net flux of heat into the fluid element is due to volumetric heating
(absorptionor emission of heating), and heat transfer across the surface due to temperature

gradients (thermal conductivit{$0].
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The term ‘A’ states the time rate of change of energy in the fluid element. For stationary

systems, the internal energy is accounted\ith regards tanoving systems, internal energy

and kinetic energy are both accounted for. Internal energy is the energy of each molecule or
atom, summed over all molecules and atoms in the system due to random molecular motion,
energy per unit mass. Kinetic energy is due to translational motion of the fluid element adding

rotational and vibrational energies to the molecule, per unit [68Fs

The total energy of a molecule is the sum of its translational, rotational, vibrational and

electrical energies. For both systems the energy equations can be governed afaojiows

0 FA+ 86cs|+ i ®€FA+ 86c;8|
thé 2 ‘ 2

N (in dRL (iSI)
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EquationA.3 Conservation of Energy

Equation of State

The Equation of State is also known as Ideal Gas Law or ‘Perfect’ Gas Law. The equation of
state closely estimates the behaviour of real gases under normal conditions when the gases are
not reaching liguefaction. Gas has various properties being mass, volume, pressure and
temperature, whereby this equation is applied to interrelate one variable to the other. During
this calculation, it is vital to use the absolute pressures and temperatures since it is measured to

absolute zero pressufk2, 28] The equation of state is given Bguationl.8.
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APPENDICES

APPENDIX 2 Chapter 4 Flow Field Profilesalong the Radial Direction and Axial
Direction

The following section depicts the variations in the flow characteristics of static pressure,
velocity magnitude and static temperatatedesign and offlesign conditios. Low flow is

near the surge condition, design flow is the BEP and high flow is near the choke condition.
These have been captured at low operating speed of ahd Wigh .operating speed of
98.2 U SV, alkong the radial and axial of each crgsstional profile around the centrifugal
compressor volute at thecations illustrated in Figur.9. A centreline has been displayed for
each crossection in the data set to identify the symmetry and asymmetry of the flow field
variance exhibited along thadial direction of the crossection and along the axial direction

of the crosssection.
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Static Presure along the Radial Direction DW /RZ 2SHUDWLQJ 6SHHG RI

Low Flow Design Flow
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Static Pressure along the Axial Direction at Low Operating Speed of USV ¥.
Low Flow Design Flow
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Static Pressure along the Radial Direction DW +LJK 2SHUDWLQJ 6SHHG RI U
Low Flow Design Flow
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Static Pressure along the Axial Direction DW +LJK 2SHUDWLQJ 6SHHG RI

Low Flow Design Flow
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Velocity Magnitude along the Radial Direction DW /RZ 2SHUDWLQJ 6SHHG RI

Low Flow Design Flow
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Velocity Magnitude along the Axial Direction DW /RZ 2SHUDWLQJ 6SHHG RI U
Low Flow Design Flow
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Velocity Magnitude along the Radial Direction DW +LJK 2SHUDWLQJ 6SHHG R

Low Flow Design Flow
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Velocity Magnitude along the Axial Direction at High Operating 6 SHHG R USV ¥.
Low Flow Design Flow
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Static Temperature along the Radial Direction DW /RZ 2SHUDWLQJ 6SHHG RI

Low Flow Design Flow
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Static Temperature along the Axial Direction DW /RZ 2SHUDWLQJ 6SHHG RI L
Low Flow Design Flow
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Static Temperature along the Radial Direction DW +LJK 2SHUDWLQJ 6SHHG RI

Low Flow Design Flow
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Static Temperature along the Axial Direction DW +LJK 2SHUDWLQJ 6SHHG RI

Low Flow Design Flow
f f f
f f f
f f f
f f f
FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 325

BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



APPENDICES

APPENDIX 3 Chapter 5 Flow Field Profiles along the Radial Direction and Axial
Direction

The following section depicts the variations in the flow characteristics of static pressure,
velocity magnitude and static temperatatedesign flow conditions at two instances. The first
instance is when the impeller blade is aligned with the volute tongue and the second instance is
when one impeller blade has passed the volute tongue and another blade is approaching the
tongue. These have been captured at low operating speed of adds Nigh¥ operating

speed of 98.2 U S Val¥gng the radial and axial of each crgsgtional profile around the
centrifugal compressor volute at the locations illustrated in Figl@eA centreline has been
displayed for each cros®ction in the data set to identify the symmetry and asymmetry of the
flow field variance exhibited along thadial direction of the crossection and along the axial

direction of the crossection.
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Static Pressure along the Radial Direction DW /RZ 2SHUDWLQJ 6SHHG RI

Steady Unsteadyimpeller Rotatior225 f
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Static Pressure along the Axial Direction DW /RZ 2SHUDWLQJ 6SHHG RI

Steady Unsteadyimpeller Rotatior225 f
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Static Pressure along the Radial Direction at High2 SHUDWLQJ 6SHHG R USV ¥.
Steady Unsteadyimpeller Rotatior225 f
f f f
f f f
f f f
f f f
FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 329

BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



APPENDICES

Static Pressure along the Axial Direction at Hgh2 SHUDWLQJ 6SHHG RI USV ¥,
Steady Unsteadyimpeller Rotatior225 f
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Velocity Magnitude along the Radial Direction DW /RZ 2SHUDWLQJ 6SHHG RI

Steady BRWWHDLDEY,PSHOOHU
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Velocity Magnitude along the Axial Direction DW /RZ 2SHUDWLQJ 6SHHG RI U
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Velocity Magnitude along the Radial Direction at Hgh2SHUDWLQJ 6SHHG RI
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Velocity Magnitude along the Axial Direction at Hgh 2SHUDWLQJ 6SHHG RI
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Static Temperature along the Radial Direction DW /RZ 2SHUDWLQJ 6SHHG RI
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Static Temperature along the Axial Direction DW /RZ 2SHUDWLQJ 6SHHG RI U
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Static Temperature along the Radial Direction at Hgh2SHUDWLQJ 6SHHG R
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Static Temperature along the Axial Direction at High 2SHUDWLQJ 6SHHG RI
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APPENDICES

APPENDIX 4 Chapter 6 Flow Field Profiles along the Radial Direction and Axial
Direction

The following section depicts the variations in the flow characteristics of static pressure,
velocity magnitude and static temperatatedesign flow conditions. Thegeofiles depict the
minimum and maximum responses for the CTT volute model and the Asymmetric volute
model, which are compared against their corresponding steady respbimsss.have been
captured at high operating speed of 98.2 U &lgng¥¢ the radial an@xial of each cross
sectional profile around the centrifugal compressor volute at the locations illustrated in Figure
3.9. A centreline has been displayed for each csesdion in the data set to identify the
symmetry and asymmetry of the flow field variance exhibited alongatial direction of the

crosssection and along the axial direction of the cresstion.
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Static Pressure along the RadiaDirection
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Static Pressure along the AxiaDirection
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Velocity Magnitude along the RadialDirection
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Velocity Magnitude along the Axial Direction
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Static Temperature along the RadiaDirection
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Static Temperature along the AxialDirection
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APPENDIX 5 Volute Expression Application

APPENDICES
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APPENDIX 6 Volute Models

Ideal Symmetric
Circular

Actual Symmetric
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APPENDIX 7 Equivalent Length Calculation for Head Loss

Where length equivalent equation is given from arc length
.= Na
Hence,

N+ N
And Bakefs length equation is given by,

EGL 8 6. 4 \686 ST
2 3¥G 2e°N°%;g

_ 3
4 eN®%;g

Baker’'s
Length
Leg equation HUU

0.025382] 0.024860 -2.1
0.032232| 0.032263 0.1
0.060087| 0.060147 0.1
0.062172| 0.062199 0.0
0.063887| 0.063903 0.0
0.065396| 0.065407 0.0
0.066767| 0.066775 0.0
0.068038| 0.068044 0.0
0.022949| 0.022950 0.0

Due to the negligible variance between the two equations, the standdvaldLbeen used for

simplicity, since the results are satisfactory.

APPENDIX 8 Hydraulic Diameter Calculation for Head Loss
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APPENDIX 9 Wall Shear Stress on VoluteScroll Sections

APPENDICES

Wall Shear Stress [Pa]
Ideal Actual Idgal_ Ac.tugl Idgal_ ACF“"?"
f Circular | Circular Elliptical | Elliptical | Elliptical | Elliptical
2:3 2:3 3:2 3:2
0-20 320 270 448 505 86 142
20-45 365 469 424 486 403 521
45-90 421 430 359 384 476 440
90- 135 295 221 272 209 342 272
135-180 253 234 206 170 305 262
180- 225 241 218 203 159 262 239
225-270 225 206 180 152 268 242
270- 315 197 185 161 149 239 219
315- 330 193 180 157 159 218 209
Wall Shear Stress [Pa]
CTT USV ¥, USV ¥,
High | Design | High | Design | High Design
f Flow | Flow Flow | Flow Flow Flow
Rate | Rate Rate | Rate Rate Rate
0-15 88 30 88 184 204 344
15-45 140 61 140 233 233 386
45-90 117 103 117 316 386 353
90- 135 58 85 58 367 312 249
135-180 35 78 35 344 280 114
180- 225 25 75 25 350 267 94
225-270 15 69 15 333 243 96
270- 315 10 66 10 328 219 169
315- 345 10 66 10 353 228 188
ASYMMETRIC USV ¥, USV ¥.
High | Design | High | Design | High Design
f Flow | Flow Flow | Flow Flow Flow
Rate | Rate Rate | Rate Rate Rate
0-20 124 88 36 339 303 184
20-45 235 164 36 753 491 234
45-90 166 148 56 615 589 373
90- 135 122 94 52 401 404 223
135-180 133 97 31 421 334 141
180- 225 129 91 23 404 294 134
225-270 126 91 31 398 289 101
270- 315 122 76 36 363 263 134
315- 330 130 82 40 383 274 235
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APPENDIX 10 Head Loss through Volute Scroll Section

APPENDICES

HEAD LOSS [m]
Ideal Actual Ideal Actual
f Ideal Actual Elliptical | Elliptical | Elliptical | Elliptical
Circular | Circular | 2:3 2:3 3:2 3:2
0-20 162 133 229 242 44 75
20-45 183 227 218 234 208 264
45-90 265 250 234 231 307 262
90-135 145 100 139 100 172 126
135- 180 106 93 90 71 130 105
180- 225 90 78 79 60 99 86
225-270 77 67 65 52 93 80
270- 315 62 56 54 48 77 67
315- 330 19 18 17 17 22 21
HEAD LOSS [m
CTT USV ¥, USV ¥.
High | Design | Low | High Design | Low
f Flow | Flow Flow | Flow Flow Flow
Rate | Rate Rate | Rate Rate Rate
0-15 22 7 21 35 32 59
15-45 62 25 61 80 66 118
45-90 62 52 61 131 132 127
90-135 26 35 25 126 87 72
135-180 13 28 13 104 67 28
180- 225 9 24 8 97 57 21
225-270 5 21 5 86 48 19
270- 315 3 19 3 82 41 32
315- 345 2 12 2 59 28 23
TOTAL 203 224 199 800 560| 499
ASYMMETRIC USV ¥, USV ¥,
High | Design | Low | High Design | Low
f Flow | Flow Flow | Flow Flow Flow
Rate | Rate Rate | Rate Rate Rate
0-20 38 25 10 92 61 36
20-45 76 50 11 207 105 49
45-90 72 61 23 215 166 107
90-135 45 32 18 116 94 53
135-180 45 30 10 111 70 30
180- 225 40 26 7 99 57 26
225-270 37 25 8 92 52 18
270- 315 34 20 9 80 45 23
315- 330 12 7 3 28 15 13
TOTAL 399 276 100 1040 665 356

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE

350

BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



LIST OFPUBLICATIONS

LIST OF PUBLICATIONS

Aboufares, G., Zala, K., Mishra, R. and Asim, T. (2016) ‘Effects of Sand Particle Size on the
Performance Characteristics of a Vertical Axis Wind Turbile’6th International and 43rd National
Conference on Fluid Mechanics and Fluid Power, December712016, MNNITA, Allahabad, U.P.,

India

Freegah, B., Asim, T., Mishra, R. and Zala, K. (2015) ‘Numerical Investigations on the Effects of
Transient Heat Input and Loading Conditions on the Performance of a -Sirage Closetbop
Thermasyphon'. In: 42nd National Conference on Fluid Mechanics and Fluid Power, 14it6th
December 2015Surathkal, India

Albarzeniji, D., Pradhan, S., Mishra, R. and Zala, K. (2014) ‘Effect of a swirl on void fraction profiles in
multiphase flows’. In: Proceedings of 5th Imbational and 41st National Conference on Fluid

Mechanics and Fluid Power Springer.

Al-Obaidi, A., Pradhan, S., Asim, T., Mishra, R. and Zala, K. (2014) ‘Numerical studies of the velocity
distribution within the volute of a centrifugal pump’. In: 27thtdrnational Congress of Condition

Monitoring and Diagnostic Engineering Management, 16i8th September 201Brisbane, Australia

Mohamed, F., Park, K., Pradhan, S., Mishra, R., Zala, K., Asim, FTObaidi, A. (2014) ‘The effect of
blade angles of theertical axis wind turbine on the output performance’. In: 27th International
Congress of Condition Monitoring and Diagnostic Engineering, Brisbane, Australia

Fleming, L., Zala, K., Ousey, K. (2014) ‘Investigating the absorbency effects of LBF baraen’ cre
:R X Q G YHarrogate, UK

Asim, T., Sendanayake, |., Mishra, R., Zala, K. and Ubbi, K. (2013) ‘Effects of a Moving Surface
Boundary Layer Control Device (MSBC) on the Drag Reduction in Heavy Commercial Vehicles'. In:
40th National Conference on Fluidddhanics & Fluid Power FMFP 2013, 42 December 2013, NIT

Hamirpur, Himachal Pradesh, India

Asim, T., Mishra, R., Paris, A. and Zala, K. (2013) ‘Optimal Design Methodology foshore
Hydraulic Pipelines Transporting Spherical Capsulrscedia CIRP: TESC 20132nd International
Throughlife Engineering Services Conference, 11, pp. 308-ISSN 2212 — 8271

Asim, T., Mishra, R., Ubbi, K. and Zala, K. (2013) ‘Computational Fluid Dynamics Based Optimal
Design of Vertical Axis Marine Current Turbines’ Peatia CIRP: TESC 20132nd International
Throughlife Engineering Services Conference, 11, pp. 328-1SSN 2212 — 8271

FLow CHARACTERISTICS ANDDESIGNMETHODOLOGY FOR ACENTRIFUGAL COMPRESSORV OLUTE 351
BY KARINA ZALA, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018



	1
	1.1 Turbochargers

	2

