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ABSTRACT, KEYWORDS -

ABSTRACT

This thesis deals with turbochargers and CFD sitimuiaof wastegated turbocharger for petrol
engine applications. The aim is to give a generarngew on turbocharging and design
fundamentals. It describes the procedure of bugldgin3-dimensional virtual model of turbine
housing assembly, extracting fluid volume, mesh setdp of computer CFD calculation, which
is evaluated in the end. The result serves to m®plifferent design of turbine housing in order
to improve exhaust gases heat distribution at batld shorten catalytic converter light-off time.

KEYWORDS

Turbocharger, wastegate, catalytic converter, petrgine, CFD

ABSTRAKT

Tato diplomova prace se zabyva turbodmychadly a CBinulaci turbodmychadla
s integrovanym fepoustcim ventilem pro benzinovy motor. Cilem je poskyineSeobecny
piehled o peplnovani a konstrukci turbodmychadel. Prace pgpigrtoces tvorby 3-rozénného
virtualniho modelu sestavy turbinové'isk, extrakci negativniho objemu plgntvorbu meshe
a nastaveni pdtacové CFD simulace, ktera je v zéu prace vyhodnocena. Vysledky simulace
slouzi pro navrh odliSného provedeni turbinovéingkza &elem zlepSeni rozloZeni teplot
vyfukovych plyni na vystupu a zkraceni aktird doby vyfukového katalyzatoru.
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Turbodmychadlo, fepouséci ventil, katalyzator, benzinovy motor, CFD
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PROLOGUE ]

PROLOGUE

The subject of this thesis has arisen from a needntlerstand and affect behavior of exhaust
gases passing from turbine housing with wastegatehamism into the catalytic converter.

Regular temperature distribution of exhaust gases the area of turbine housing outlet can
positively influence catalytic converter efficienagd reduce light-off time after the start-up of an
engine.

The thesis is created at Honeywell Turbo TechnolRggearch and Development centre based in
Brno, Czech Republic at a Gasoline Product Engingeeam.

At the beginning, it explains the need to be conedrwith these kinds of design and simulation
problems which are resulting from continuous imgments being done by world automotive
leaders, consumer demand, government regulatiodsdaming the technology forward to a
environmentally friendly future.

The first part gives an overview on turbochargifgsic engine theory and turbocharging
fundamentals. It also describes the common dedigrompressor, turbine and central housing
assemblies. The thesis also deals with variousotiwdrger control mechanisms, working
conditions, exhaust gas after treatment system taednodynamics fundamentals used in
turbocharger's industry. Moreover, it treats withuid dynamics fundamentals and its
implementation in contemporary computer simulatiorethods (CFD- computational fluid
dynamics).

The second part describes processes that procegigndand simulation engineers have to cope
with everyday. Procedures are described systertigticam the first design idea, building a 3D
virtual model, putting the assembly parts all tbgetand extracting the fluid volume out of an
assembly all done in CATIA V5. Subsequently impagtithe geometry into the ANSYS 13.0
CFX environment, considering simplifications, separdomains definition, mesh, setup and
finally running a computer calculations. Result®nir this calculations serves for better
understanding of what is happening inside the h&rbhousing, exact definition of velocity,
pressure, temperature and other important values insfluid dynamics, which are only hardly or
impossible to measure on gas-stand or on-engins. tBased on this, other turbine housing
designs are introduced and calculated in ordetdien or disprove the expectations of better
temperature distribution. Impact on performancevisluated as well.

17
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INTRODUCTION -

1 INTRODUCTION

References: [1], [2], [3], [4], [5]

Development in automotive industry is very dynarthiese days. Automobile manufacturers
have to face strict commitments to the governmemd # its customers. The European
Automobile Manufacturers Association has made aigation to reduce the average carbon
dioxide emissions in new vehicles to 140g/km by yfear 2008. This corresponds to fuel
consumption of 6.0 /100 km for gasoline passenggs and of 5.3 /100 km for diesel
passenger cars. Furthermore, examinations arentlyrreeing performed to see if an EU
threshold of 120 g/km is achievable by the year2201

Table 1 Euro emission standards [1]

EURO EMISSION
STANDARD YEAR co HC HCHMOx MO PM PM
[g/km] [#/km]
Euro 1 1992 272 - 0.97 - - -
Euro 2 1996 22 - 0.5 - - -
Euro 3 2000 230 0.20 - 0.15 - -
Euro 4 2005 1.0 0.10 - 0.08 - -
Euro 5 2009 1.0 0.10 - 0.06 0.005 -
Euro 6 2014 1.0 0.10 - 0.06 0.005 | 6.0x10"

This means the automakers competition for devefppiore economical and environmentally

friendly cars is driven not only by a consumer dedhddut also by government regulations.

Many technical problems have to be faced to achtbese high goals. A slight increase in

percentage of diesel passenger cars we have sseyes in Europe has definitely a positive

effect on the CO2 emissions, but this alone wili lead us to the goal. We have to concentrate
on a development of the most commonly used drive thre gasoline engine, with market share
of 62% in Europe and more than 95% in the USA,raleoto increase efficiency and lower the

emissions.

Diesel
35.3%

Gasoline
61.8%

Other
2.9%

Graph 1 Gasoline engine market in Europe in 20D9[1

The most promising way to reduce fuel consumpt®rlownsizing of gasoline engines. This

means the large displacement of naturally aspirabgghe is replaced by a turbocharged engine
with small displacement and fewer cylinders. The®aller engines also have higher efficiency
due to lower friction and lower mass. Reductiorcamsumption of up to 20% can be achieved
this way.

BRNO 2012 18



INTRODUCTION -

Engines with three or four cylinders and displacetséetween 0.6 and 2.0 liters are being
discussed currently. The output density can vatyéen 60kW/l and 100kW/I. All of these
engines will be boosted by a gasoline turbocharger.

On Graph 2, we can see the prediction of gasolimggnes development in coming years by
Ricardo. Downsizing trend is obvious and makeseddfice in a turbocharger matching and
design.

2005 2010 2015

-25%

Graph 2 Gasoline engine development prediction [2]

New generation of gasoline turbochargers is theeediocommitment to the future. It will have to
fulfill even higher demands of a higher temperatame pressure conditions. The pressure will
increase and the airflow rate range will expanavalt as a temperature will rise by about 50 to
100°C. The thermal inertia and the surface arethefturbine housing has to be as small as
possible in order to keep emissions and vehiclesrtag.

A very good example of development trends nowadagswvinner of International Engine of the
Year Awards in 2011 the BMW gasoline 1.6-litre tmngine used in BMW 116i/118i models
and Mini Cooper models. It is a straight inline faylinder engine, with is known by its
codename “Prince engine”. It was launched in 2044 aontinuous BMW's effort of building
efficient engines (EfficientDynamics). It is a rapément for naturally aspirated BMW N43
four-cylinder engine.

Prince engine is turbocharged by a TwinScroll taHawger with wastegate, direct injected with
variable valve timing system. This results in a powf 135kW, torque of 380Nm with declared
combined fuel consumption of 5.81/100km and CO2ssions 130g/km.

Another representative of downsizing trends is FQRD6 liter EcoBoost GTDi (gasoline
turbocharged direct injected) engine with four mglers, mono scroll wastegated turbocharger
and roughly the same power output parameters. dtoffecially announced in 2009 at Frankfurt
Motor Show. It is used on wide range of vehiclesérwample Ford Fusion, Focus, Mondeo, S-
Max, C-Max, and Volvo S60.

19
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Figure 1 FORDS’s GDTi 1.6 liter engine [4]

As we can see on pictures of the small-downsizephes, the three-way catalytic converter is
often mounted directly behind the turbocharger enfolace where exhaust gases temperature is
optimal for chemical reaction processes insideuctdn of nitrogen oxides NOx and oxidation
of carbon monoxide CO & hydrocarbons HC). Anotresason for this is also space restrictions

under the bonnet. Therefore, turbine housing ousthetpe with wastegate plays a vital role in
turbo — catalyst interaction, which is a subjecthi$ thesis.

Figure 2 BMW's N20 four-cylinder engine with Twin@tturbocharger [5]

BRNO 2012 20
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2 BASICS

2.1 ENGINE POWER
References: [6], [7], [8], [9]

The output power of an engine is dependent on engwept volume, rotational speed of a
crankshaft and the mean effective pressure as wesea in Formula 1. Increase of swept
volume by means of increasing cylinder volume odiag additional cylinders results in
building a bigger and heavier engine. Increasingirenspeed does not increase the power per
cycle, but increases the rate at which power irdpeced as the number of cycles per period
increase. On the other hand, all engine comporemetsubject of a greater wear. Therefore,
engine speed increase is used in motorsport fquoat €ars and motorcycles where a long
technical life is not needed. For common application passenger and commercial vehicles
sector, the best way of building a powerful engiigh relatively low mass is increasing its
BMEP (brake mean effective pressure) which is doyéorcing more air into the combustion
chamber by a turbocharger. Nowadays almost evargetliengine and around 20% of petrol
engines are turbocharged.

Engine power [8]:

P= BMEP-V-i-= [W] (1)

where:

BMEP [Pa] - brake mean effective pressure appbegigton

\% [m?] - volume of one cylinder

n [sY] - engine rotational speed

i [-] - number of cylinders

T [-] - cycle coefficientg = 2 for four stroke engine;= 1 for two stroke
engine

All naturally aspirate®tto and Diesel cycle engines rely on the downv&iroke of a piston to
create a low-pressure area (less than atmosphessype) above the piston in order to draw air
through the intake system. With the rare exceptibtuned-induction systems with resonance
intake manifold, most engines cannot inhale thelir displacement of atmospheric-density air.
The measure of this loss or inefficiency in foueke engines is called volumetric efficiency.
Power loss is often compounded by the loss of temssien with elevated altitudes. Thus, a
natural use of the turbocharger is waitcraft engines. As an aircraft climbs to highkitwdes,

the pressure of the surrounding air quickly faffs o

The objective of a turbocharger is to improve eagwolumetric efficiencypy increasing the
intake density. The compressor draws in ambientaadt compresses it before it enters into
theintake manifold. This results in a greater massipfentering the cylinders on each intake
stroke. The power needed to spin ¢katrifugal compressas derived from high pressure and
temperature of the engine's exhaust gases. A thdoger may also be used to increase fuel
efficiency, by recovering waste energy in the exband feeding it back into the engine intake.
By using this otherwise wasted energy to increhgsentass of air, it becomes easier to ensure
that all fuel is burned before being vented atdtaet of the exhaust stage.

21
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2.2 BRAKE MEAN EFFECTIVE PRESSURE BMEP
References: [8], [11]

Brake mean effective pressure BMEP is usually nreaswn dynamometer. It is used to
describe the engine capacity to do work indepemgehtisplacement volume.

Brake mean effective pressure [8]:

BMEP = —<onenin, [Pl @)
where:

Hc [J.kg™ - heat of combustion

AFRstoicr  [-] - air - fuel ratio

A [-] - lambda

P [kg.m™] - intake air density

Ny [-] - volumetric efficiency

l [-] - indicated efficiency

Nm [-] - mechanical efficiency

The lambda is calculated as a ratio of actual AFR AFRi.cn Lambda of 1.0 is at
stoichiometry, rich mixtures are less than 1.0, beath mixtures are greater than 1.0. Typical
AFRswich for a gasoline mixture is 14.7:1.

Graph 3 shows how BMEP has been changing througtimutinternal combustion engine
history. We can see enormous rise in an engine powkich is proportional to BMEP.
Turbocharging has a great positive impact on engutput power. Moreover, with a use of an
intercooler, which increases the intake air derfsitther, the BMEP is even higher.

25 ‘

Turbocompound,
or 2-stage?

N
o

Turbocharged & Aftercooled |
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a1
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Graph 3 BMEP since 1940 [10]

BRNO 2012 22



BASICS -

2.3 INTAKE AIR DENSITY
References: [8], [10]

Intake air density can be increased by increasingntake pressure or lowering intake air
temperature. This simple principal is obvious fritte Formula 3. In contemporary engines, both
of these principals are used simultaneously. Thesgpbressurized by a turbocharger and then
cooled down in an intercooler. This is done in ordebe closer to efficiency of Carnot cycle,
thus engine overall efficiency is higher.

Air density [8]:

e=-" [kg.m’] 3)
where:

p [Pa] - boost intake air pressure

r [J.kgt.K?] - specific gas constant, for dry air r = 287.05l8g™*.K™*

T K] - intake air temperature

Air density decreases with increased altitude andaes the air pressure. It also changes with
variances in temperature or humidity. At sea lemall 15°C, the air density is approximately
1.225kg.n.

On the Graph 4, we can see the difference betwatmatly aspirated and turbocharged engine.
The engine output power is dependent on air deasitlintake pressure, which decreases with
altitude in naturally aspirated engines but in gaheetains power with use of the turbocharger.

2500 m
300 300 kW
[
s

=

L4

& 1 250 §

& 3

,\&"c’ S

Y | 995 225kW

Losing power at the rate of
10% per 1000 m

200

0 1 2 3

Altitude, Thousand metre

Graph 4 Power loss due to higher altitude [10]
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24 VOLUMETRIC EFFICIENCY

References: [8], [12]

Volumetric efficiencyn, (Formula 4) is given as a ratio of actual massioffuel mixture
trapped inside the cylinder at the end of inducstmoke and theoretical mass, mvhich would
be obtained in a case of ideal naturally aspiratddction.

Volumetric efficiency [8]:

_ m _ m
M= -=v, [ 4
where:
m [kg] - mass of air-fuel mixture at the end of intlan stroke
my [kg] - theoretical air-fuel mixture mass at ideadliiction state
V [m?] - cylinder volume
p [kg.m¥| - intake air density

Volumetric efficiency can be improved in a numbeways. For example, the size and a number
of intake valves, the resonance systems, variadleevtiming and most notably by so called
forced induction such as supercharging or turbaghgr Real-cycle p-V diagram of
turbocharged internal combustion engine (Graphidght) is different in an area of exhaust and
induction stroke, which represents engine breathfngssure of gasses at exhaust stroReigp
lower than intake air pressures)pFor this reason, the area defined by exhaustirzhattion
curves in a diagram is positive. Volumetric effioag of naturally aspirated engine is lower than
100% whereas turbocharged engines can reach valaraéiciency even higher than 100% by
means of pressurized air (above ambient-baromeffib)s is the main difference between
naturally aspirated and turbocharged engine cycles.

®
e

-

Graph 5 p-V diagram of naturally aspirated (ledi)d turbocharged engine (right) [12]

BRNO 2012 24



WORKING PRINCIPAL .

3  WORKING PRINCIPAL

References: [10], [13]

As a forced induction system, a turbo is nothingrenihan an air pump that is driven by the

exhaust gasses of a car engine. It consists ofmpr@ssor wheel and a turbine wheel that are
connected by a common shaft. Turbocharger is indacrbine driven supercharger, which is

powered by waste exhaust gasses. A compressor ahepresses ambient air and forces it into
the engine cylinder thus increasing air pressudedamsity. The pressurized air is than cooled in
intercooler (charge air cooler) furthermore incnegsir density. The more air means more fuel

that can by burned. This results in production ighlr engine output power. As a compressor
wheel is mounted on a common turbine-compressdt, sheotates at the same rotational speed
as a turbine wheel.

Figure 3 Scheme of turbocharged engine [10]

Working principal is obvious on Figure 3. An amliair is after passing through air particulate
filter sucked into compressor housing [1]. Rotatoampressor wheel compresses it to higher
pressure, which is also accompanied by a risetefrgerature. The pressurized air then flows
out of a compressor discharge [2] into an intereof8], which cools compressed air down and
increases its density even further. This high-dgresr then passes through intake manifold and
intake valve into the engine cylinder [4]. Air isxad with certain amount of fuel, ignited and
burned thus creating power stroke. Burned gasesftbes out of an engine at exhaust stroke
through exhaust valve [5] into the turbine housimgt [6]. The turbine creates backpressure to
the engine, which means engine exhaust presstnighsr than atmospheric pressure. At these
very hostile conditions of high pressure and higimgerature, it flows through turbine housing
volute causing turbine wheel to rotate. The exhgastes losses a fraction of its energy inside
turbine housing, which is transformed into kine¢icergy of a turbine and provides power
necessary to drive compressor. After this, gadsesdut of turbine housing discharge [7] into
the exhaust pipeline or in some cases directly théocatalytic converter [8], where so called
after treatment is employed. The emissions arecestland the noise is muffled in an exhaust
silencer further downstream.
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4  TURBOCHARGER DESIGN

References: [10]

The turbocharger is composed of three major assesnfhose are compressor assembly [1],
bearing assembly [2] and turbine assembly [3]. Eafcthese assemblies is specific and has to
undergo different thermal and mechanical loads.rgEgegle component is optimized for best
performance, thermal resistance, high cycle fateyuelow price.

Figure 4 Turbocharger design [10]
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41 COMPRESSOR ASSEMBLY

References: [10]

Compressor assembly is composed of compressor nfipusbmpressor wheel and other
complementary components such as speed or pressasers. In addition, an actuator, which
operates wastegate valve, is usually mounted tirentcompressor housing integrated bracket.

Objective of compressor housing assembly is desdriin section view through compressor
housing at Figure 5. The ambient air is suckeddaghe compressor housing [1] due to a slight
under pressure, it is speeded up by rotating cossprewheel [2] and then passes through the
diffuser [3], which slows air down converting kireeenergy to static pressure. Then the air
flows into the housing spiral volute [4], which [emlts pressurized air and directs it through
housing outlet into the engine intake manifold.

Figure 5 Section view of compressor housing [10]

Because pressurized air has temperature of appatedyn180°C, the compressor housing is
subject to higher temperature and vibration loadiefy good material for these conditions is
aluminum alloy, which have sufficient temperatured astrength capability. It has very low
density around 1/3 compared to steel, thereforghtesiaving is obtained.

42 COMPRESSOR WHEEL

A compressor is defined as a mechanical devicehiclwenergy is continuously transferred to a
compressible fluid by means of a shaft driven ingvedr wheel.

Compressor wheel has to withstand conditions of@pmately 180°C and high vibrations. It is

usualy made of aluminium alloy with heat treatmeonsisting of solution treatment and

artificial ageing. It can be casted or fully-maadndepending on production quantity and
accuracy of dimensions.

Challenges for the compressor wheel design ardagrbaw range, higher efficiency and higher
pressure-ratio with keeping minimum size and mass.
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4.3 BEARING ASSEMBLY

References: [10], [14], [15]

Bearing assembly is placed between compressor arfiiné assembly (sometimes also
collectively called as ending assemblies). Its islto hold shaft, connecting turbine wheel and
compressor wheel, in place, to provide sufficiarttrication and cooling and prevent wheel
contact with housing. It has to provide stiffnesal alamping to control rotor motion. The
stability of shaft motion without any unbalancedcks is a key.

The greatest temperature gradient in the turboemnangses between the turbine housing and the
bearing housing. That is why an optimum connectibthe two housings is so important to the
service life of the turbocharger.

Central housing is made of grey iron by castindhvegparate oil and water cores. Liquid grey
irons are very fluid-like, therefore thin wall siect of small housing with oil and water passages
can be casted very easily.

The journal and thrust bearings are placed insatdral housing. These are made of copper
alloy and provide certain level of self-lubricatioBearings are hydro-dynamically lubricated.

The rotation of a shaft drags viscous oil into tiep between shaft and bearing, creating
pressurized oil film.

Figure 6 Thrust (left) and journal (right) bearind$4]

Some turbochargers use ball bearings. It has beselaped by Honeywell motorsport
department for several racing series. It has 158tefaresponse to throttle change, which
translates in better car drivability and acceleratiThe ball bearing design reduces the amount
of oil required to provide adequate lubricationisTteduces the chance for seal leakage.

Central housing is sealed to prevent oil passitgtime end housing (thus increasing emissions)
and to minimize the quantity of gas entering theteehousing. It is very important to find a
balance between pressures in end housings andipresil core.

Because of high exhaust gasses temperature, thrldeousing has to be cooled by oil and for
gasoline applications furthermore by coolant framgiee cooling system.
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4.4  TURBINE ASSEMBLY

References: [10], [15], [16] , [17]

Turbine assembly is composed of turbine housimpirte wheel and depending on type of turbo
regulation of wastegate (WG) components or VNTi@lde nozzle turbocharger) components.
Turbine assembly is exposed to high exhaust gassageratures up to 1050°C for gasoline
applications, pressure impulses, engine vibratiand high oxidation reactions caused by
exhaust gasses.

The turbine assembly is vital part of turbochargeiit extracts energy from exhaust gasses and
transforms it into the kinetic energy of turbineeeh

Figure 7 Exhaust gases flow through turbine assgjii]

Turbine housing has design of spiral volute (simitasnail shell shape), which accelerates gas
and directs it to the turbine wheel. Its radialtsers are aerodynamically optimized to minimize
hydraulic losses. The gas then flows through t@biheel channels, where it hands over its
energy to turbine wheel. This happens in a fractibsecond and in thermo mechanics terms can
be reproduced as adiabatic expansion without heagfer.

Inlet Section
T-T Section

Inlet
Flow

Tongue X
Mounting
Flange

Figure 8 Turbine housing nomenclature [10]
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Housing can be divided by a barrier in a voluteisTdesign is called twin-scroll turbocharger
and is used to prevent exhaust gas pulses frorarthme cylinders to interfere with each other
and to use its pulse energy to drive the wheelaAssult, the turbine inlet passage has better
pressure distribution and more efficient gas dejive the turbine wheel.

Turbine housing is usually made of ductile irorstainless steel by green sand casting. It has to
withstand high thermal fatigue stresses due to éeatpre change, variable section thickness and
physical property interactions (expansion coeffiti& thermal conductivity).

Figure 9 Turbine housing core [17]

Thin walls are desired to significantly reduce theight of the turbine housing and
simultaneously reduce the thermal inertia of thieihe housing. This leads to faster activation
of the catalytic converter during the cold-startagd of the engine, which in turn could
significantly improve the emission levels of théniate.

Figure 10 Turbine housing casting [17]
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4.5 TURBINE WHEEL
References: [18], [19]

Turbine wheel is a mechanical device in which epésgeontinuously extracted from a working

fluid by means of a shaft-mounted, bladed wheel.

The most suitable type of turbine wheel for passenghicle turbocharger is a radial wheel
because of it compact design and strength, goadiezf€y for small size turbines and high

expansion ratios. Mixed-flow wheel has similar @#ncy as a radial wheel and has higher flow
capacity. For this reason, it is used mainly in nmrcial vehicles. Axial wheels are used for
large sized turbochargers, with low expansion ratimotorsport projects thanks to its very low
moment of inertia.

Radial Mixed-Flow Axial
U AL -
—_— S = ﬂ—r
— — . _
:_. _S__ _dl_._.

Figure 11 Turbine wheel types [18]

Typical turbine wheel shares approximately 70%obting masses moment of inertia, which is
also very important measure of turbocharger perémee. The objective in turbine wheel design
is to minimize inertia for improved turbochargespense in transient states. For this reason
scalloped backdisc wheels, reduced wheel diameteimal hub radius, reduced wheel axial
length and lower density materials (e.g. ceramiug @iAl) are being developed. This is big
challenge for the development because 1% lossrbo tefficiency negates response benefit of
10% reduction in rotor inertia.

A turbine wheel operates in a terribly hostile @orment. The turbine is driven by exhaust
gasses that can exceed 1050°C and are very cardslihough there is expansion across the
turbine nozzle, therefore some cooling of the gastee temperature at the tips of the turbine
rotor can approach exhaust gas temperatures. liticagdthe rotor system operates up to
280,000 RPM. That imposes huge tensile loads ftoencentrifugal forces, as well as bending
and vibratory loads.

Figure 12 Turbine wheel [19]
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Turbine wheels are made of Nickel base super alleysch exhibit high strength, moderate
ductility and excellent oxidation resistance oveveay wide temperature rangé&he cost of
turbine wheels is high due to the expensive metaltiditions in the alloys (such as chrome,
aluminium and molybdenum), and the need to prottessnaterials under vacuum conditions to
prevent the loss of the vital strengthening element

Laboratory measurement of turbine wheels on gasistgovide turbine aerodynamic map
(Graph 6), which shows relation between pressatie (inlet pressure P1T to outlet pressure
P2T) mass flow and turbine efficiency. Based os fraph we can predict turbine operation in a
real on-engine environment.
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Graph 6 Turbine aerodynamic map [18]
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4.6 CONSTANT-PRESSURE TURBOCHARGING

References: [20]

In constant pressure turbocharging system, theustlgasses flows through large manifold to
reduce the magnitude of pulsations before it isvdedd to the turbine. The turbine wheel
extracts energy mostly from potential and thernmargy of exhaust gasses. The efficiency of
energy conversions within the turbine is signifiidahigher than that of pulse turbocharging, but
on the other hand the gas losses much of its kieeergy as it leaves exhaust ports. Moreover,
unless the large manifold is thermally insulatede theat losses from the gas may be
considerable. There are several other disadvantafe®nstant-pressure turbocharging, for
example poor response to the sudden load chanpesisibecause of length of time needed to
reduce or increase the pressure inside large midnitdume. For this reason it is used for large
and stationary engines (marine engines for exampl&re sudden loads changes are not
present. This system uses so-called “mono-scrailiibe housing with undivided volute.

4.7 PULSE TURBOCHARGING

References: [19], [20]

The principal disadvantage of pulse turbochargmpdcause of pulsating flow from individual
cylinders into the turbine. The efficiency is lowdran that of the constant-pressure system.
However, in multi-cylinder engines, this disadvaygacan be largely obviated by appropriate
exhaust manifold design, which is “twin-scroll” kime housing with divided volute. To take
maximum advantage of pulse energy, the turbochatyauld be sited as close as possible to the
engine exhaust ports, so that the volumes of thesgmes from the valve ports to the
turbocharger are small. This helps to ensure rayltbcharger response in transient conditions.

Cyl.1+4

Figure 13 Twin-Scroll turbocharger [19]
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5 TURBOCHARGER CONTROL

References: [10]

Internal combustion engines works at different apeg conditions. Especially engines for road
vehicles are typical with rapid speed changes aadd making the engine very complex device
that has to be efficient over the whole workinggaiand in transient states.

To get an ideal boost pressure coming from the cessor for different engine conditions the
turbocharger needs to be controlled by airflow taton before it enters the turbine wheel. This
is very important especially at low engine speesipriovide more turbine power and boost
pressure and at high engine speeds, where airflasery high, to avoid turbocharger over-speed
and over-boost.

This can be done in several ways:

- Variable Nozzle Turbocharger (VNT), used mostlydasel
applications

- bypassing exhaust gasses through wastegate (W@hehaostly
used for gasoline applications

- two-stage turbocharging

There are some other rarely used types of turbgehaegulation systems, for example changing
the width of turbine stator (slide-vane concepte prece VNT) or turning directional flap, both
used to change inlet cross-sectional area of tarbausing.

Turbocharger without regulation system is calledeffloating turbocharger. Its maximum
rotational speed is determined by wheel size solely

5.1 VARIABLE NOZZLE TURBINE — VNT
References: [10], [19], [21], [22]

The goal of a VNT turbocharger is to expand theblesflow range while maintaining a high
level of efficiency. VNT mechanism regulates exhaasses inflow angle and inflow speed by
guide vanes located upstream the turbine wheel.

VNT turbocharger works by adjusting the gas ths®dtion at the inlet of the turbine wheel in
order to optimize turbine power with required floelocity.

At low engine speed and small gas flow, the turlaogér reduces the throat section by closing
the vanes (lowering inter-vane distance) increagrigaust gas velocity entering the turbine
wheel and thus increasing turbine power and boestsprre. At full engine speed and high gas
flow, the VNT increases the throat section by opgrihe vanes (increasing inter-vane distance)
and reduces gas velocity entering turbine wheehvoid turbocharger over-speed and over-
boost.
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The throat section modulation can be controllecediy by the compressor pressure using
pressure actuator, or by engine management systerg a vacuum actuator, rotary of linear
electric actuator.

VNT mechanism is also used as an exhaust brakenmmercial vehicles. In addition to high
temperatures and vibrations, this creates high arechl strength demands on VNT
components.

Figure 14 Open VNT mechanism [21]

VNT mechanism is composed of movable vanes thaplaced circumferentially around turbine
wheel axis in between two ring plates. These rengsseparated by several spacers that secure
rings mutual position and provide vane axial @deae to keep vanes turning freely after whole
assembly is heated up to the temperatures of ekassVanes are welded together with arms,
which fit into the unison ring slots. Unison ringy @aperated by a main arm, which is connected
directly to external mechanism of actuator rodewel. Whole mechanism has to be designed
carefully to keep it operating at high exhaust gamperatures, high vibrations and pressures.
Kinematics simulations and fluid mechanics caldale® are common case when it comes to
VNT load studies and its development. Vane pra$ileptimized by CFD calculation methods to
reduce backpressure and increase turbine efficidfag way for example, new-cambered vanes
are being developed nowadays.

Figure 15 VNT cartridge and turbine wheel [19]
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5.2 WASTEGATE

References: [10], [20], [23]

Wastegate (or turbine bypass) is a valve, whiabwallsome of the exhaust gasses to bypass the
turbine wheel and thus regulates its rotationakdp&Vastegated turbocharger allows a use of
smaller turbine wheel and smaller A/R turbine hogdio cover low engine speeds, resulting in
less turbo lag time. At high engine speed, a valgens and preserves turbocharger to over-
speed.

Exhaust bypass valve

Manifold pressure to aneroid
-+

(=

1A |

N Exhaust

—p
down

pipe

Turbine

\ /) \ Compressor

Air Filter
Figure 16 Wastegate turbocharger coupling with aedg20]

By bypassing excess exhaust gasses, the enengy iseang bypassed. This reduces the power
driving the turbine wheel to match the power reggifor a given boost level.

When a valve is opened, exhaust gasses (flowirgtive turbine housing out of an engine) are
divided. A fraction of gasses flows through thebtne wheel, where it loses some of its energy
(which is extracted by turbine wheel) and the rediypassed through the wastegate duct. This
proportion is determined by valve opening, housind duct design and wastegate diameter. All
of this has to be considered very carefully to kéaapocharger running in optimal working
conditions.

The valve is controlled by pneumatic actuator diyeby compressor boost pressure or by
vacuum actuator controlled by ECU.

There are two types of wastegates. Internal wasgdgagure 17) is built directly into the turbine
housing. The wastegate duct in this case has mdoed before (upstream) the turbine housing
T-T section so it does not influence exhaust gaféeesinside a spiral volute.

The external wastegate is added to the exhausthphgnon the exhaust manifold or header. The
advantage of external wastegate is that the bygdtse can be reintroduced into the exhaust
stream further downstream of the turbine. This setadimprove the turbine’s performance. In
racing applications wastegated exhaust flow carvdrged directly to atmosphere to prevent
turbulence in turbine housing exhaust flow and cedoackpressure in the exhaust system.
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Figure 17 Internal wastegate [23]

As a wastegate is operating in very hostile coodgiof temperatures up to 1050°C in petrol
engines, the valve has to be robust and withstagid thermal and mechanical loads. For this
reason, a simple swing valve type is used for vgadés nowadays.

Wastegate components are made of austenitic Hairgieels or Inconel (austenitic nickel-
chromium-based super alloy). These materials atalde for high temperature applications.

The main in-service problem with the arm and bughg galling and sticking as a result of

actuator spring loads, temperatures and vibrations.

The wastegate external mechanism is simple. Theatistrod is connected to crank which is
welded together with arm. The arm is turning arobaoghing axis placed inside turbine housing
wall.

VALVE (POPPET)
BUSHING ACTUATOR

CRANK

Figure 18 Wastegate controlled by pneumatic actugs]
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5.3 TWO-STAGE TURBOCHARGING

References: [24], [25]

The engine with two-stage turbocharging systengigmped with two turbochargers that work
side-by-side in parallel or serial system. Thigkdb keep boost pressure optimal for wide range
of engine speeds and loads and further increasaeespgrformance and efficiency. As a result,
this reduces fuel consumption and satisfies powveguirements for passenger cars and
commercial vehicles. Very good turbocharging cdritem be obtained this way.

Figure 19 BMW'’s Twin-Turbo system [24]

At low engine speeds, i.e. when the exhaust masg fate is low, the wastegate remains
completely closed and the entire exhaust mass iloexpanded by the HP turbine. This results
in a very quick and high boost pressure rise. &sdaifigine speed increases, the job of expansion
is continuously shifted to the LP turbine by in@ieg the cross-sectional area of the wastegate
accordingly. The system can be regulated via pngaraatuators that control the bypass and
wastegate valve.

Wastegato

Figure 20 Scheme of two-stage turbocharging [25]
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5.4 HYBRID TURBO

References: [26], [27]

A hybrid turbocharger is an electric turbocharg&hwut mechanical link between turbine and
compressor wheel. The turbine wheel is connectethéoelectrical motor with permanent
magnets. When energy generated by turbine whéwgeer than is required by compressor, the
electrical motor works as a generator and chafgestorage device (battery). This energy can
be later used to drive the compressor to cover pdemand at rapid engine acceleration.

This design has many benefits. Those are easiekagany by enabling the turbine and
compressor to be placed in separate parts of thi@erECU controlled boost levels that enable
more predictive control of boost pressure, lowemmant of inertia of compressor wheel and
much quicker response to rapid throttle changésammsient states.

STORAGE
DEVICE

TURBINE @ COMPRESSOR
POWER
@ ELECTRONICS ::><<}I

@@

ENGINE

Figure 21 Scheme of hybrid turbocharging systenj [26

This technology is very promising way of forceduistion system in the future, and gives many
advantages when talking about turbo lag and itslagign.

It is currently being developed under several mackeenames by Aeristech as a Hybrid turbo,
BorgWarner as eBooster and Honeywell as an eladliiriassisted turbocharger.

Figure 22 Electrically driven compressor EDC [27]
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6 WORKING CONDITIONS

References: [16], [28], [29], [30]

Turbocharger works in very hostile conditions ohanst gasses coming from engine’s exhaust
ports. Burned fuel has high temperature and pregsuises occur as fuel is burned in individual
cylinders and an exhaust valves are opening arsinggeriodically.

Turbocharger working environments for diesel ansbgjae engine applications are different and
this plays a vital role in turbocharger design d@aaontrol.

When talking about working conditions we need tdenstand the difference between diesel and
gasoline engine operation.

In diesel engine, the fuel is directly injectedlve end of compression stroke and is self-ignited
due to high compression ratios used in diesel esgimhe diesel engines works with
compression ratios approximately 18+24. This is sometimes referred as auto-ignigystem.

Petrol engines works with Otto cycle. The stochitinemixture of air and fuel, with air-fuel
ratio AFR=14.7:1 (that mearis=1), is inducted into the cylinder and is then coesped with
compression ratio around= 10. Then it is ignited with external source okry by a spark
plug. This is called controlled spark-ignition sst

PA

hd

F 9

|

Vi A%

TDC BDC

Graph 7 Engine cycle p-V diagram [29]

After the fuel is burned, the adiabatic expansibhai gasses is present as piston travels from
top death centre (TDC) to bottom death centre (BP&jition at expansion stroke. This is the
point where the most important difference, playialg in turbocharger design, occurs. In diesel
engine, the expansion ratio of gasses is highepeosa to petrol engine as it works with much
higher compression rati@s In this process the gas volume increases, preslaecreases and the
temperature goes down. These expanded gasseddhanolt of the cylinder as exhaust valve
opens (EO) around 30°+70° of crankshaft positiciodgeBDC.
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Because of expansion processes and different eixgparegio in diesel and petrol engines, the
temperature of exhaust gasses diff@msel produces exhaust gasses with temperature up to
830°C. In contrast, the temperature of turbochargetiol engine can rise up t50°C

Exhaust gasses with this temperature flows ouharayine, through exhaust manifold directly
into the turbine housing inlet. Turbocharger iscplhas close to engine exhaust ports as possible
to take advantage of exhaust gasses high energy.

Figure 23 Exhaust manifold and turbocharger [16]

However, not only the higher exhaust gasses termpergput higher demands on gasoline
turbocharger. It is also the fact that a petrajiea rotational speed varies much more (wider
speed range) than a diesel engine (which alsoaulwsver rotational speeds). This creates many
transient states where turbo-lag is very importemaddition petrol engine uses throttle butterfly
valve in intake manifold to control mass of aireemig the cylinders. When a throttle is closed
suddenly, a backpressure occurs in compressort datigine intake) tract, which can result in
compressor wheel surge or even its damage.

All of these are reasons why gasoline turbochangevadays uses wastegate regulation with
very simple swing type valve. The VNT mechanismusually very weak to withstand
conditions of petrol engine. However, there are soapresentatives of VNT turbocharger for
gasoline applications. These use very expensiverial, have limited life, and therefore are
suitable for motorsport and racing applicationsyonl

Figure 24 Gasoline turbocharger environment at fofid [16]
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I CATALYTIC CONVERTER

References: [31], [32], [33], [34], [35], [36], [B7

Exhaust gas emitted from vehicles contains manypoorents that contribute to air pollution,

namely carbon monoxide (CO), hydrocarbons (HC)ratrdgen oxides (NOXx).

For this reason catalytic converter, which redubese pollutant emissions, is a common device

installed into an exhaust tract of every singleislemmowadays.

Recent studies has shown that currently used thagecatalytic converters used in vehicles are
able to reduce the CO, HC and NOx emissions byta@fefh. However, the operating conditions
of the catalytic converters vary extremely witle ttiriving mode of the vehicle, its size, type,

location in exhaust after treatment system and &lapsed since engine start.
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Graph 8 Temperature of exhaust gas and catalytio/erter surface after engine cold start [31]

For emission control of petrol engines, the thresrwatalytic converter is used. Its name comes
from three chemical reactions taking place witttnhoneycomb structure. These are reduction

of NOx, oxidation of CO and oxidation of unburne@€ Hvhich can be described by following

chemical equations [33]:

Oxidation of carbon monoxide to carbon dioxide: QREOG — 2CO;

Oxidation of HC to carbon dioxide and water:
CxHox+2 + [(3x+1)/2]Q, — XCO, + (X+1)H0

Reduction of nitrogen oxides to nitrogen and oxygen NOyx — XO, + N,
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In regard to the catalyst type, the two most comnypes are used. The ceramic and metallic
substrates.

In automotive applications ceramics monoliths aaenof synthetic cordierite, that is highly
resistant to fracture due to thermal shock, isstast to oxidation and has high melting
temperatures around 1450°C.

Metallic monoliths are used where even higher taatpees are experienced. It is made of
metals such as Fecralloy (73% Fe, 20% Cr, 5%Al pinall amounts of Ni and Si) with melting
temperature up to 1500°C.

Metallic monoliths provide higher geometric surfaarea while offering lower back pressure.
Furthermore, metallic monoliths are being usedi@se coupled applications due to their higher
thermal conductivity that guarantees more unifoemperature distribution between monolith
channels as compared to that of ceramic monoliths.

Metallic substrates allow its utilization closer tioe engine, which is essential to improved
conversions during cold start conditions.

13
NS

Figure 25 Metallic (left) and ceramic (right) moiitbis [20]

The honeycomb material is a unitary structure wathiform-sized and parallel channels.
Therefore, it creates a backpressure to the erihaust and restricts the gasses flow inside the
structure. The magnitude of pressure drop withtalgc converter depends on channel design,
cell density (cpsi=number of cells per square irati) boundary layer surface roughness.
Furthermore, entrance effects such as flow maildigion and sudden contraction when flow
enters the monolith occurs due to the inlet potmusdary layer. This contributes to the overall
pressure drop as well.
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To simulate the exhaust gas flow within the catalgbnverter in a CFD calculation method, the
porous media is defined with a streamwise direelidoss coefficient. This allows to substitute
honeycomb structure with virtual porous domain with modeling detailed catalyst channel
design, details of the flow around obstacles amdikition without chemical reactions.

Directional source of resistance (permeabilityjesined by quadratic resistance coefficiegt K
[m.kg“] which can be calculated using
Formula 5.

Pressure gradient in streamwise direction [35]:

ap

o = Kol Q)
where:

g—z [Pa.m’] - pressure drop gradient in streamwds@ction

Ko [m.kg"] - quadratic resistance coefficient

Uy [m.s™] - average velocity in streamwise direction

This means that to determine the directional lasffrcient Ky, we need to know the pressures
before and after the catalytic converter, its langhd average gas velocity entering the porous
domain.

As monolith has a parallel channels, the flow lshited in transverse directions, so the gas does
not flow in between the channels. The flow is ginééned and velocity has only streamwise
direction components.

To achieve this in CFD simulation software, thegngerse coefficients are taken to be specified
as a factor times the streamwise coefficient. TThasiverse multiplier is typically taken to be
around 10-100.

This theory of porous media definition in CFD sddte is later used in flow simulations and
exact quadratic resistance coefficient calculatora given engine.

Truth to be said in the end of this chapter, c#ialgonverter efficiency can be improved
especially in cold start conditions in number ofysaOne of them is regular temperature
distribution over the catalyst inlet surface.

This is very important particularly when catalytionverter is placed right behind turbocharger
outlet, which is a very common layout in currenbtacharged petrol engines.

Light-off time can be reduced by exhaust gasseadsipg in cold start conditions, thus allowing
the hot gas to flow directly onto the catalyst irdarface. The wastegate valve would be opened
in this case for a certain period after enginet statil the catalytic converter reaches operating
temperature.

Unfortunately, current turbocharger discharge desiges swing valve regulation (typical
wastegate), which directs gasses along the disehaad) which results in uneven temperature
distribution (when bypassing). The aim of this thes to create new wastegate design and
simulate the flow in different valve positions,arder to improve temperature distribution.
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The evidence of effort to achieve regular tempeeatiistribution over the catalytic converter
inlet surface area could be the diverter for cai@lgonverter patented in 2004. Its role is to
evenly distribute exhaust gasses passing form dl shi@aneter upstream exhaust gas pipe
section into a much larger diameter catalytic cotereassembly. The diverter includes a diverter
element and mounting brackets. The diverter elerhasta central hole and has conical walls.
The large conical angle of the diverter effectivaiyects exhaust gases to the periphery of the
large diameter catalytic converter, while the hateghe conical diverter walls allow sufficient
exhaust gases to reach the radially intermediati@opoof the catalyst.

$ \
/ i y

diverter CAT

Figure 26 Catalytic converter with diverter elemé§3it]
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8  ADIABATIC EXPANSION

References: [18], [38]

Processes taking place inside turbine housing @mmnterpreted as an adiabatic expansion
process in open thermodynamic system without healhamge to turbine surroundings, with
some measure of simplification. This simplificatioan be used in a case, when the system is
thermally insulated or the process happens in a steort time. These conditions are met in case
of turbine housing and flow character inside tuebiassages.

The adiabatic process shown at p-v diagram (Gr@pis described by following equations [38]:

pv* = constant (6)
k-1

(2 )

Ty P1

The energy of gasses, flowing inside the turbineshwy, is derived from its pressure and
temperature. This energy is than transformed tohaw@cal work of turbine wheel where it
losses portion of its energy. The pressure dowastref turbine wheel decreases and the
temperature goes down as well. This is represeagesh adiabatic expansion process, in which
the heat transfer from working fluid is zero (dQ=0)

P

F N

Y
Graph 9 Adiabatic expansion in p-V diagram [18]

The measure of energy transformation quality isnia efficiency. In turbo machinery branch
the expansion process efficiency is judged by apavative isentropic process, which represents
the most-ideal process without frictional lossdse Tsentropic efficiency is therefore a measure
of volute, wheel and other fluid channels desigmligy: It is calculated as a ratio of actual
technical work done and ideal comparative isentrapork, which would be gained with the
same pressure values without aerodynamic lossew/(sim

Formula below).

Isentropic efficiency of energy conversion [38]:

T3
n. T _ at _ deT _ Tl - Tz _ Tl - Tz — - T_l (8)
o A, ideal deTideal Tl - T2,ideal T _T (&)K%l 1— (p_Z)KT_l
! \py b1
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Ty Stage P, .
Inlet
N
[N
o] deal~_t ST Actual
S | Expansion 1 Expansion
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o i / Exit
:
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Graph 10 Adiabatic expansion in T-s diagram [18]

The power of turbine wheel is transferred to thepressor wheel by means of a common shaft
but a fraction of the turbine power is lost dudriction losses in the journal and thrust bearings
and oil seals. The ratio of the power deliveretheocompressor to the power produced by the
turbine wheel is defined as the mechanical efficyamecnanical Of the bearing system and seals
as shown by

Formula below. Mechanical efficiency depends on the sizb®turbocharger and the turbo
speed. Typical values are ranging from 90 to 98%.

In turbine design, knowing the mechanical efficieris important because of the need to
determine how much power the turbine must prodadaoth drive the compressor and to over-

come the losses in the bearings and seals. Emipicorrelations are used to estimate
mechanical efficiency.

Mechanical efficiency can be also measured as tioompressor power output to turbine
power input.

Mechanical efficiency [18]:

P owercompressor (9)
Powerturbine

Nmechanical =

The actual (total) efficiency is therefore even éovithan isentropic efficiency of turbine. It
includes mechanical efficienaynechanica(loSses in bearing and sealing system).

Total efficiency [18]:

nTT = nizT " Nmechanical (10)
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9 COMPUTATIONAL FLUID DYNAMICS - CFD

References: [39], [40], [41]

CFD Computational Fluid Dynamics is branch of fluid rhanics that uses numerical meth
and algorithms to analyze problems with fluid flamteraction liquids and gases with surfa
defined by boundary conditio. The three basic principals are used in ( calculations. Those
are the conservation of mass, momentum and enexggdribed to partial differential equatic
of Navier-Stokes and Euler.

CFD allows to predict, with confidence, the impatfluid behavior in various applications su
as anaerodynamic of cars, planes, flow inside interr@hbustion engine cylinder, turbine
exhaust manifolds andindmills. It is also capable to simulate combustion praegssadiation
heat transfer, different gas flow mixing processeg other:

Figure 27 CFD simulation of airflow around car [41]

To simulate a fluid flow the fluid volume geometrgs to be extracted from a computer mc
(sometimes also referred as a negative volume} Tbiume occupied by the fluid divided
into discrete cells (the mesh)he fluid volume can be divided into separate dosan which
different mesh can be defined. These domains ae flut together in p-processor by an
interface definition. Théoundary conditions arthan definedsuch as inlet, outlet, bounde
walls, rotational domains and interfaces. Thannaukation is prepared for run, where fl
dynamics equations are solved for every singlerelisccell (element) of fluid volumand a
number of variables is calculated h as a pressure, density, temperature, velocityght
number, energy and lots of othe Finally, a posprocessor is used for the analysis
visualization of resulting solutiolFor example,he pressures can be integrated over the de
area to get aorce or momentum applied to the surface of inter@he velocit field,
temperature distributionr a streamlines can tvisualized on every single element of virt
model.

PRE- BOUNDARY =

Graph 11 CFD flowchart

Nowadays software such as ANSYS CFX, ANSYS FLUEKKCM+, EXA Power FLOW
FIoEFD and others are used to @ fluid dynamics technical anexperimental problem:
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10 CURRENT DESIGN 1

This chapter describes the procef building a 3D virtual model of turbine housingsambly
components, all of which are needed for drawingative, casting shape manufactt
machining operations in production but in the tewhshis thesis especially for running a C
simulation (desébed in following chapters

The investigated design msed orthe Honeywell gasoline turbine housing MGT 15, vihis
because of its shape and s&gtable for gasatie engines with volume arounc6+1.8 liters. It
has an undivided monseroll volute (without barrier) with wastegathannel. The wastegate
operated by swing type valve using vacuum actuadntrolled per compressor boost pres:

Figure 28 Honeywell's MGT 15 gasoline turbocharger

The following passagedarify systematically the method of 3D models @@ain CATIA V5
the PART DESIGN and GENERATIVE SHAPE DESI( (GSD).

It starts with definition of sne-shape volute passage and inlet passage, \forms gas passage
and are the base model of turbine hing. It represents negative (fluid) volume, in wh
exhaust gasses are flowing throuThan he wastegate duct design and discharge d are
created which are put together with whogas passage to form one compact core. This
model is used in aotindry in order to create pressurized sand cor&hnil placed inside th
mould when the iron is cast

The casting model is creatkdel, based on the comodel, where the walls thickness plays v
role. This casting is machined afterwards to plete the final form of turbine housi and meet
required tolerances.

The turbine wheel nomenclature, arm & valve assgraht turbine housing assembly are «
described in the followinghapters

49

BRNO 2012



CURRENT DESIGN 1 N

10.1 TURBINE HOUSING

Figure 29 shows an axial view, looking into theletbf turbine housing. Starting at the inlet,

the initial portion of the housing flow passagenamed the ‘inlet section’, which is the flow

passage between the mounting flange and planedciée T-T section. The T-T section is a
plane, which separates the inlet section from thiete (radial passage).

The volute is a spiral flow path, which surrountie wheel, gradually decreasing in cross-
sectional area. At the tail end of the volute whteeouter surface intersects with the lower wall
of the inlet section is the tongue.

Inlet Section
T-T Section

Volute

Inlet
Flow

T~

Mounting
Flange

S W W

Figure 29 Nomenclature of turbine housing in axiiw [10]

The T-T section area “A” and the radius to the dgitacenter “R” gives housing A/R. This is
very important parameter of housing, as it deteesithhe flow character inside spiral volute.

The larger A/R [inch] provides slower responseow kengine speeds, but on the other hand, it is
capable to transmit high mass flow at high engeeds (or big engines with large volume). It
gives a presumption of low turbo rotational spead hoost level. The turbine housing with
smaller A/R gives quicker response in low engineesis but creates significant backpressure at
high mass flows (high engine speeds or high engahemes). It gives higher turbo speed and
boost level.

Therefore, the A/R parameter is significant measditerbine housing and has to be determined
for every single engine. It is common to offer aga of A/R’s for a given turbine to provide
flexibility in satisfying different engine matchinmgquirements.

The challenge in the aerodynamic design of a terlgnto observe how design changes affect
efficiency or pressure loss through the varioustices of the stage and then select the
combination of features that gives the best ovigpeaformance.
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10.1.1 RADIAL PASSAGE

Firstly, theT-T section has to be defined. The T-T section area and dsisato the dynamic
center of the T-T section are sketched on YZ plain€artesian coordinate system (Figure 30-
left). The Y-axis is the axis of rotation of turbimheel.

Turbine housing created for the purposes of thesithhas A/R=0.69 inch.

Figure 30 T-T section (left) and radial sectionglft)

Afterwards 18 different radial sections are sketicbe the same YZ plane (Figure 30- right).
These sections represent the decrease in radiak-sextional area. It is aerodynamically
optimized in order to get same exhaust gas spetdimy the wheel around the cylindrical
surface called the inducer. The smallest of alliges is called thé-A section

Each of these sections is rotationally offset byd2@rees from the previous one around the Y-
axis (Figure 31- left). Than a smooth curves, catlee streamlines, interconnecting individual
sections and locally perpendicular to the surfacescreated using SPLINE function.

T-T section

Figure 31 Radial sections (left) and closed surfateadial section (right)
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The geometry can be now closed by surfaces defimgdd individual radial sections and
streamlines. To do this LOFT surface command isl.usehe sections and guides are properly
selected and the tangent continuity of requiredaseris defined. After this, the surface is
generated separately for the range of 0-180° afeB368° (Figure 31- right).

Subsequently, the tongue area is defined in omlaldse radial passage by surfaces. Certain
minimal distance has to be kept so the tongue witits the thermal and mechanical loads. The
tongue surfaces are created from splines thatdhbs tocally perpendicular to the T-T and A-A
sections. Finally, the surfaces are joined togedinelr closed into one solid body (Figure 32- left)
to form radial passage.

10.1.2 GAS PASSAGE (VOLUTE)

The gas passage (Figure 32- right) is composeddidl passageandinlet section Inlet section
interconnects the inlet surface and T-T sectiore iftet position and streamlines are defined for
this reason. The inlet section is often changedrder to fit the turbocharger into the customer
engine layout. The radial section always remaiesstime for a given turbocharger size.

T-T section

tongue

INLET SECTION

RADIAL PASSAGE

Figure 32 Radial section (left) and gas passaggh)i

The distance between the radial section outer saiidad inlet section lower surface must not be
too low and has to be increasing from a tonguéedrilet.

This gas passage (volute) will not be changed angrfar any purposes of the thesis. It will
remain the same during whole process of buildimgite housing, fluid volume extract, mesh
and calculation. It will also remain the same ia thodels of other wastegate designs. It is used
as a base model for all other operations, whictdaseribed later.
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10.1.3 CORE

The core design is very complex. It requires midtbodies’definition and Boolean operatio
in CATIA V5 to control the shap

It is composed of thgaspassag, duct (wastegate channel) ad@scharge.

Firstly, the duct (or the wastegate channel) hdsetadded to the volt (Figure 33- left). As this
is an integrated wastegate typt has to lie in between the T-section and inlet surface
volute. It should not be too close to th-T section so the flow inside the et section and
turbulences caused by wastegate channel does fhatrice the flow in radial passage, wh
would result in lower stage efficiency and increhggessure lossin addition the inlet is
extended in a negative Xxis directior

bushing
seat

T-Tsection

valve
trajectory
volume

Figure 33 Duct position (left) and base discharge volumeh)

After the wastegate channslcomplete, the discharge volume is creates. the volume, whicl
collects the gas flowing from a turbine wheel ahd wastegate cnnel an« directs it to the
turbine housing outlet. Thbushing sei-pad and valve trajectory volumes are added tc
discharge body (Figure 38ght).

The volute surface is offset by distance represgrdesired housing wall thickness way out
the discharge body is sliced by this surfaFigure 34- left).The groove volume around t
wastegate channel is cut oFigure 34- right to provide enough space for iron in cast
process. Then all sharp edges of discharge bodpaneled Figure 35-eft).

Finally the volde, duct and discharge bodies are assembled togetiiem one part, the cc
(Figure 36).
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volute
surface
offset

Figure 34Volute surface offset (left) and groove around egate channel (righ

Figure 35Final discharge volume (left) and its mutual pasitiwith volute (right

volute

discharge

Figure 36 Core model
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10.1.4 CASTING

The turbine housing casting is created from the.cbhe aim is to keepall thicknessas small
as possible to keep thermal inertia low and strengugh to withstand hostile conditions of
exhaust gasses. The design has to respect castimogppls such aslraft angles and corner
radiuses

Whole core surface is offset by desired wall thestsyway out in GSD module (Figure 37- left).

core
surface
offset

\

core casting
surface
offset

Figure 37 Core surface offset (left) and final tsparent casting design (right)

The offset surface is closed into solid body coosedy. Inlet flange, outlet flange and
bushing padare added. The core is than removed from the mesiet) Boolean operations thus
forms a cavity inside housing body. The castingiifieation is added to the outer surface of
casting body with definition of material, housingRAand manufacturer name (Figure 38).

Outlet flange Outlet flange

Inlet flange

Inlet flange

Figure 38 Casting model
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Following cutaway views of turbine housing cleadgmonstrates the design of inner surfaces
derived from the core.

wastegate volute

channel
(the duct)

bushing
valve seat
trajectory

volume

volute

valve seat

Figure 39 Section view through wastegate chaned) (and turbine wheel axis (Y-axis) (right)

10.1.5 MACHINING

Machining is created out of casting by turning athé and milling in order to meet fine
tolerances and precise shape. The casting virtodems cut by defined volumes using Boolean
operations. Thenlet and outlet flanges are machined and the connecting holes are drilled.
Central housing connecting flange and sheoud contour of wheel is turnedWastegate valve
seatis machined as well and tlebannelis drilled to 25mm in diameter. Finally, thele for
bushing is drilled through the housing wall. Machined sigds are shown in contrast color on

following pictures.

bushinghole Inlet flange

wastegate valve seat

Outletflange

shroud contour

Figure 40 Machined surfaces
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Bushing hole axis lies is parallel plane to YZ @amnd is perpendicular to housing inlet axis and
axis of turbine wheel rotation. Wastegate chanri kes in a plane parallel to XY plane and it
is leaned out by 60 degrees from the inlet axis.

central housing
connectingflange

bushinghole

wastegate
channel
D=25mm

shroud contour

Figure 41 Bushing axis(left) and wastegate chai(right) position

10.2 TURBINE WHEEL

The turbine wheel shown in this chapter is useg @1 nomenclature description and is created
in CATIA V5. The wheel used later for mesh and akdtion is created individually in ANSYS
BladeGen software (a geometry creation tool thapexialized for turbomachinery blades).

The wheel is composed of the base hub and backeigch are defined by a contour revolved
around axis of wheel rotation. The full backdisor{rscalloped) design is shown on the Figure
42.

shroud contour trailingedge

backdisc
contour

leadingedge

hub
contour

Figure 42 Turbine wheel nomenclature
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The blades are located circumferentially around titbb. There are nine same blades on the
turbine wheel used in this thesis. Each one ofbilagles is defined by thieading edg, the
trailing edge, hub-contour, shroud-contour and blade thickness distribution.

Each blade connects to hub withot radius in order to lower stress concentration. Different
designs ofnose are used to differentiate the turbine wheel makeiihe hole in the turbine
wheel nose is drilled for machining purposes.

Shroud contour is parallel to shroud contour obitve housing. There is certaaxial and
radial clearance between turbine housing and turbine wheel so theelvcan turn freely after
assembly, after stretching due to centrifugal fer@ad expansion due to high operating
temperatures.

Very important in turbine wheel design iJRIM parameter:

2
TRIM = (5) -100 [ (11)
where:
d [mm] - wheel diameter at wheel backdisc
D [mm] - exducer diameter

Larger TRIM is suitable for higher flows and giveswer response at low engine RPM while
the smaller TRIM is suitable for lower flows and/gs quicker response to throttle change.

The TRIM of turbine wheel used in following calctitas is 84.

Figure 43 Backdisc diameter D and exducer diameter
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10.3 ARM & VALVE ASSEMBLY

The mechanism is composed an into which thevalve (sometimes referred as poppet) is
inserted. On the opposite side, it is secureavagher and rivet. The bushing is placed into the
turbine housing wall and guides the arm in its ttoteal movement. Contact surfaces of
assembly are machined to match each other peri@atlyneet strict tolerances.

i

arm

Valve
(poppet)

bushing

washer

Figure 44 Arm & valve assembly

10.4 TURBINE HOUSING ASSEMBLY

Turbine housing assembly is composed of turbinesimgy turbine wheel and wastegate
components (poppet, arm, bushing and washer)lyitse turbine wheel is aligned with turbine
housing in virtual model (Figure 45- left).

bushing

Armé&valve
assy.

Turbine
wheel

Figure 45 Wheel position (left) and arm & valve rrage (right)
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Arm and valve with bushing is than placed inside flousing. Notice the turbine housing ou
diameter has to be big enough so the arm & valgerably could be easily mounted into
position through the outlepening (Figure 45- right).

Figure 46 Turbine housing assembly

When the valve is opened, the mass flow of exhgasses flowing out of engine is divided i
the mass flow passing through turbine wheel andsrflae/ through wastegate. This proport
will be calculated later for different valve opening ang

Figure 47Section view through wastegate chaliand awaited flow directic

BRNO 2012 60



CURRENT DESIGN 1 [

The virtual model is finalized by adding the catalyonverter to the turbine housing assembly.
The catalytic converter used in the thesis hamalfied design and is assembled coaxially with
the axis of turbine housing outlet flange. Its indeameter is 75mm and the length of active
monolith honeycomb structure is taken to be 200mm.

turbine housing
assembly

catalytic
converter

Figure 48 Assembly of turbine housing and catalgtioverter

10.5 FLUID VOLUME

The fluid volume is extracted from assembly of ineébhousing and catalytic converter created
in CATIA V5 using FIOEFD tool (embedded CFD softedor CATIA V5). This fluid volume
is than split up into several separate domainschvare than further processed in ANSYS CFX.

assembly of turbine housing
and catalytic converter

extracted fluid volume

Figure 49 Fluid volume extraction
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The fluid volume is extracted by lids creation memy single opening of assembly. Than an inlet
and outlet ports are specified and automatic catmn of fluid volume is lunched. This creates
one compact part in a separate CATIA window, wioah be further processed.

The fluid volume is divided into four separate damsathevolute, wheel segmentdischarge
and extension (catalytic converter) for which different meshrigiites are specified later in
ANSYS Mesher.

The wheel segment is created in ANSYS BladeGendepérately. Extraction of fluid volume
around wheel done in FIOEFD serves here only toahze the domains definition.

extension
(catalytic converter)

wheel segment

volute

discharge

Figure 50 Fluid volume domains

Note:

FIOEFD software can be used also for CFD calcutatib has very intuitive structure, pre-
processing and post-processing is user friendlyisés automated mash, which simplify the
setup process and shorten time required to preqrdwme@l model for the calculation.

This software has been tested for running a cdionlaas a part of this thesis but has been
abandoned due to instability and unexpected emdrich occurred at higher mesh density.
Application of FIOEFD tool for certain calculatiordone at Honeywell Turbo Technology
should be considered, but further investigation r@sailts comparison to laboratory tests or other
trusted CFD software should to be done before ¢xpely on the results created by FIoEFD.
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11 CFD CALCULATION OF CURRENT DESIGN 1

Calculation of exhaust gas flow is done in ANSY301GFX Workbench platform.

As an input it uses domains of fluid volume (voludescharge and extension) created in FIOEFD
tool in CATIA V5, which are imported into the ANSYZesignModeler environment.

Following Figure 51 shows the flowchart that isatesl in ANSYS 13.0 Workbench. We can see
a mesh definition of volute, wheel, discharge amtemsion shown on the left side of the
flowchart. The mesh is created in ANS¥&shing software. The wheel is created in ANSYS
BladeGenand is than meshed in ANSYISIrboGrid .

The meshes are linked to the setup (pre-procesdoANSYS CFX-Pre module, where all
necessary boundary conditions are defined andlesilmu settings are specified.

The solution follows the setup. The ANSYFX Solver solves the equations of fluid dynamics
with defined boundary conditions. Here the convecge and user defined output control
variables have to be monitored in order to superwsgjuations residuals and calculation
accuracy.

Finally, the results obtained from the Solver apstgprocessed in ANSYSFD-Post where all
necessary information are graphically visualized quantified.

2 00 Geometry

3 @ Mesh W ‘
WOLUTE
- C - (] -
W 5~ Bladecen 8 &5 Turbosrid 1
2 ﬁ Blade Design + ,—————&2 | &) TuboMesh + 2 @ Setup v
BladeGen TurboGrid 3 E}E Solution " 4
4 @ Resulks " 4

CFx

-

1

2 @ Geometry w4

3 @ Mesh v
CilCHARGE

Figure 51 ANSYS 13.0 CFX Workbench flowchart
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11.1 MESH

The mesh is created in ANSYS Meshing software usppecial mesh control commands that
define the size, shape and other important geocaéttharacteristics of elements.
Discretization(the mesh) of fluid volume is controlled by thesenenands and is automatically
generated by the software. It uses tetrahedradmatic and hexahedral elements shown on
Figure 52 below. We can see there are four nodéstriahedral element, six nodes in prismatic
element and eight nodes in hexahedral element.

&P R

Figure 52 Element types: A-tetrahedral, B-prismaGichexahedral [42]

Usually there is effort to mesh the fluid volumeshvhexahedral elements if possible because of
its regular shape and high volume occupation. UWafately, this is very hard to achieve in
complex fluid geometries.

Partial volumes in locations, which are importaotthe results and are primary investigated are
meshed using smaller elements compared to thosehvalne out of interest. The volumes in
which high flow changes are expected are meshgddesrse with small elements.

The fluid geometry is simplified a little bit. Snhalnimportant geometries are suppressed in
order to simplify mesh and lower number of elememt®wse are mainly small radiuses such as
root radius of turbine wheel blades, small radiusesarm & valve bodies, nose drill on the

turbine wheel nose, small pads on turbine housnbet,i which are used as base datums in

casting process etc.

Figure 53 Geometry simplifications
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11.1.1 VOLUTE

The volute is meshed mostly with tetrahedral elemeiihere are also prismatic elements
defined on the walls of volute by inflation commaindorder to get very fine mesh around the
walls where the velocity gradient in direction pamgdicular to wall is high.

The body sizing is defined to be 2mm and the faagfor walls is 1Imm. The inflation defined
on the walls has five layers and the first neai Vager is 0.1mm thick.

tetrahedrals

inflation
{prismaticelements)

am =m 0,00 )

I 4 .

1250 780

Figure 54 Mesh of volute domain

11.1.2 TURBINE WHEEL
Radial inflow turbine wheel is firstly created ilN&Y S BladeGensoftware.

Hub profile, shroud contour, leading and trailirdges are defined. Consequentially blade shape
is specified. This way, segment around one bladeeiated. All dimensions set in BladeGen are
respecting the size and shape of turbine wheeliqusly described in design chapter, so the
wheel perfectly fits into the turbine housing wathroud contour clearance of 0.3mm.

The wheel segment is than meshed in ANSYi®o0Grid module with hexahedral elements

and very fine mesh around the wheel surfaces. Theelssegment is copied around axis of
rotation for better visualization. Figure 55 shausface mesh of turbine wheel and the detailed
mesh around blade trailing edge.
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Figure 55 Turbine wheel surface mesh

The mesh is controlled precisely on the wheel sedan order to get uniform elements
distribution and cube-like shape.

inducer

exducer

Figure 56 Inducer and exducer of turbine wheel
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11.1.3 DISCHARGE

Discharge domain is the volume in which the exhaast flow is investigated with primary
interest. Therefore, it has very dense elemenniiein. The large volumes inside the domain
are meshed with hexahedral elements using sweepotheNear-wall elements are prisms
defined by inflation function. The rest is meshethwetrahedral elements. The body sizing is
1.0mm. Face sizing for arm & valve surfaces is OrBamd all other faces are meshed with 1mm
face sizing. Inflation of five layers with 0.1mnudi layer width is defined for all walls.

inflation at arm & valve
and turbine housing walls

hexahedral mesh for large
discharge volumes
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11.1.4 EXTENSION

Extension (catalytic converter) is meshed with edxal elements using sweep method. The
inflation is defined on the walls. Body sizing dade sizing is 2.0mm.

Figure 59 Mesh of extension domain

11.1.5 MESH STATISTICS SUMMARY

Following Table 2 summarizes the mesh statistiagsdividual domains. We can see the highest
number of elements is defined for discharge domalhrich is the subject of greatest interest.
Here the exhaust gas flow is crucial for tempegatiistribution at turbine housing outlet.

The total number of elements is over 2.7 milliaor, Wwhich complicated equations are solved.
This indicates the calculation is very demandiniger€fore, it has to run on high-performance
computer with multiple cores, high CPU and RAM.

Table 2 Mesh statistics

DOMAIN element type # elements #nodes
VOLUTE tetrahedral, prismatic 347 258 108 018
TURBINE WHEEL SEGMENT 51 490 58 443
hexahedral
TURBINE WHEEL (9 blades) 463 410 525987
DISCHARGE hexahedral, tetrahedral, prismatic 1380022 454 508
EXTENSION hexahedral 542 750 559 370
| TOTAL | | 2733480 | 1647883 |

Note:

The mesh described in this chapter and Table 2 statove, characterize the current design and
wastegate valve opened by 30 degrees. All othemingeangles and other designs are meshed in
the same manner and the elements number diffgtlgli

The greatest difference is in the discharge domaimch is different for other opening angles
and in other designs. The volute differs slightlywastegate channel area in other designs.
Wheel and extension domain remains the same.
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11.2 PRE-PROCESSING

Pre-processing (calculation setup) is done in ANS3®BX-Pre software. Here all physical
characteristic are defined by boundary conditiond definition of fluid properties. Technical
assumptions with certain simplifications are maaeider to define initial values and clarify
analysis.

Analysis is running irsteady statemode. It useS$ST (shear stress transport) turbulence model
with first order turbulence numerics. Convergence is controlled byaximal number of
iterations set to 1000 angbhysical timescaledefined asl/®w, wherew is angular rotational
speed of turbine wheel domain. Heat transfer istedbtal energy. Convergence criteria is
defined byresidual target set to Root Mean Square RMS>10

The fluid is chosen from material libranjir Ideal Gas is selected, which has pre-defined
physical properties.

The turbine wheel segment is copied around axisottion in order to get full nine bladed
wheel and positioned, so that any of the bladesisoo close to the tongue of the volute.

Domain motion is defined astationary for volute, discharge and extension. The wheel is
defined asotating domain, where turbine wheel RPM and axis of rotationspecified.

The volute, wheel and discharge domainsflilsd domain type, whereas the extension is set to
porous domainand controlled bylirectional loss model

Table 3 Setup summary

ANALYSIS TYPE STEADY STATE
TURBULENCE MODEL SST - SHEAR STRESS TRANSPORT
TURBULENCE NUMERICS FIRST ORDER
MAX. # OF ITTERATIONS 1000
TIMESCALE PHYSICAL 1/w
HEAT TRANSFER TOTAL ENERGY
RESIDUAL TARGET RMS>1e-4
FLUID AIR IDEAL GAS
VOLUTE, DISCHARGE, EXTENSION STATIONARY
DOMAIN MOTION
TURBINE WHEEL ROTATIING
VOLUTE, T.WHEEL. DISCHARGE FLUID
DOMAIN TYPE
EXTENSION POROUS

Note:

Analysis settings shown in Table 3 above are recentted for calculation described in this
thesis. Although change of some of them could bsidered in order to achieve more accurate
results and more stable and faster convergencecdlbelation setup requires great experiences
and expertise. Finding the best way to tune theutation up is kind of alchemy in certain sense
of the word.
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11.2.1 BOUNDARY CONDITIONS

Boundary conditions are defined in a way to represéuation in engine exhaust shortly after
the engine start. The values wilet pressure P1T, inlet temperature T1T (exhaust gas
temperature),outlet pressure P2T and turbine wheel rotational speed are taken form
laboratory measurement of representative gasofigse at2000 RPM

:L L 1030,0
300,00 /

- 980,0

- 930,0

250,00

T1T=875°C 6 - B80,0
/ - 830,0
200,00 n - 780,0
MZ.Q? kPa - 730,0
150,00

- 680,0

ABSOLUTE PRESSURE [kPa]
TEMPERATURE [°C]

L 630,0

P2T=106.3kPa

100,00 = 580,0

T T
0 1000 2000 3000 4000 000 6000

ENGINE SPEED [RPM]

==P1T P2T  =peTIT

Graph 12 Behavior of P1T, T1T and P2T dependingraggine RPM

Values shown in Graph 12 above for 2000 engine RiPdset as inlet and outlet boundary
condition. These values are fixed for all calcalas of current design and other designs at
closed wastegate position and opened positionels w

Turbine wheel rotational speed at 2000 engine RBMG0,000 RPM. This is set for closed
wastegate position only.

Rotational speed for opened wastegate valve posii® calculated proportionally to mass flow
percentage through wastegate channel by techn&@inaion approach, as there is not
appropriate laboratory measurement accessiblasatitie of design proposal. Turbine map and
results from measurements done in similar condstiare used to determinate turbine wheel
rotational speed decrease due to wastegate regulati
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Figure 60 Inlet and outlet boundary condition looat

rotational
domain

Figure 61 Rotational domain (the turbine wheel)

11.2.2 INTERFACES

The domains have to be connected together in meepsor in order to define how the flow
transits from one domain into another. For thisoea GGl (general grid interface) is used.
Interface connecting stationary and rotational dan{ghe turbine wheel) has special frame
change/mixing model defined as frozen rotor.
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volute to discharge
(duct} interface

interface

i

discharge to
extension interface

interface

>

Figure 62 Interfaces locations

11.2.3 WALLS

volute to wheel

wheel to discharge

Surfaces that are not defined as inlet, outlentarface are set as no-slip walls. This means the
velocity right on the wall surface is equal to thgeed of wall (zero in a case of stationary

domain). Wall roughness is setg¢mooth wall option andadiabatic heat transfer. Adiabatic

walls do not allow the heat to transfer into tueblmousing material and further to surroundings.
This simplification results in slightly higher temmatures inside the turbine housing and subtly

higher turbine wheel adiabatic efficiency.

velocity
profile

uly)

<>

solid surface
[ ] —> X

\ no-slip condition:

fluid = ¥wall

Figure 63 Velocity gradient close to wall [44]
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11.2.4 POROUS DOMAIN

Extension is defined as porous domain using dweatiloss model. As mentioned previously,
this allows to substitute honeycomb structure délgéic converter with virtual porous domain
without modeling detailed catalyst channel design.

Definition of porosity requires specification ofaplratic resistance coefficienigkn streamwise
direction (Formula 5 in Catalytic converter chaptéralues required to calculategkcan be
taken from laboratory measurement, from which wevkthe pressure at turbine housing outlet
P2T (pressure before catalytic converter). If wesuase the pressure behind the catalytic
converter is equal to atmospheric pressure, wéhggtressure drop within the porous structure.

dx represents the length of catalytic converter. T§i200mm. The diameter d is 75mm (see
Turbine housing assembly chapter, Figure 48).

Average velocity Ycan be calculated from Formula 12 based on the ftmgshrough defined
cross sectional area and the density calculated équation of state for ideal gas.

Velocity calculation:

m

U, =— 12
Y pA (12)
where:
m [kg.sY] - mass flow
p [kg.m] - fluid density p=P2T) ror
3 : _ md?
A [m?] cross sectional aread / 4
P2T [Pa] - pressure at turbine housing outlet
T2T K] - temperature at turbine housing outlet
r [J.kgt.KY - specific gas constant, for dry air r = 287.058g ™. K™
d [m] - catalytic converter diameter, d=75mm

The result for whole engine speed range is showa @raph 13. If we do not consider low
engine speed operation, we can see theisKnearly constant. Therefore quadratic resistance
coefficient in streamwise directidfy, is taken to b&0kg.mi* for all calculations.

80

g 70 *
60

*

g 50 \

o

g 40 l‘
30

@ boe—0 ° N —

0

a 1000 2000 3000 4000 5000 6000
ENGINE SPEED [RPM]

Graph 13 Quadratic resistance coefficient at déferengine RPM
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The transverse loss multiplier is taken to be 100rder to inhibit gas flow in between the
channels.

transversal
directions

streamwise
direction

Figure 64 Streamwise and transversal directionextension (catalytic converter) porous domain

Graph 14 shows flow characteristics in streamwigection. We can see the quadratic
dependency of pressure drop on velocity. Higheoaigl causes higher pressure drop, therefore
the mass flow right before catalytic converter Bead to larger area and the temperature
distribution is more uniform compared to the caghout catalytic converter (porous domain).

60
50

40 /
30 "/

20 f/
10 ___,../
__.--/

0 20 40 60 &80 100

PRESSURE DROP [KkPa]

VELOCITY [m.s-1]

Graph 14 Streamwise pressure-drop characteristigayous domain
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11.2.5 OUTPUT CONTROL

In order to supervise the calculation in processjesof the important output values are
monitored. Therefore, the output control has taé&kned in pre-processor.

The monitored values are:

 area average pressure @ turbine housing outlet
 area average pressure @ turbine wheel exducer
 area average pressure @ extension outlet

 area average pressure @ turbine housing outlet

* mass flow @ inlet

* mass flow @ outlet

* mass flow @ duct interface (mass flow throughlastegate)
* mass flow @ turbine wheel exducer

Very important measure of correct calculation & difference between inlet and outlet mass
flow. These values have to be the same in ide&. ¢agepresent inflow, - represents outflow)

ductinterface
turbine wheel exducer

turbine housing outlet

Figure 65 Output control monitored locations
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11.3 SOLVER

After all parameters and boundary conditions afandd, solution can be executed.

In average, the calculation time of one designreg wastegate position took around 10 hours
and more than 700 iterations.

In order to judge the results accuracy, the corererg and values defined in output control have

to be monitored.

We can say the results are sufficiently accuratenvimportant output values stabilize and
residual target is met.

'
un

RMS Variablevaluefresidual)
=
=

g
-

Time step (iteration)

Graph 15 Convergence obtained by residuals drop

Variablevalue

W

Time step (iteration)

Graph 16 Monitored value stabilization
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11.4 POST-PROCESSING

The post-processing is done in ANSYS CFD-Post. ldéneecessary information are
graphically visualized and quantified.

Figure 66 Section A-A and VIEW B orientation

The contours of total temperature are plotted diie housing outlet area (VIEW B) and in a
cross sectional plane through wastegate valve (388R-A) both shown on Figure 66.

Flow character is visualized by the vectors reprgsg velocity by its size and total temperature
by its color. Direction of flow is determined byegssure gradient, which describes in which
direction and at what rate the pressure changemdse rapidly around a particular location.
Important values such as inlet/outlet total (sjapicessure, inlet/outlet total temperature, total
pressure at turbine wheel exducer, total mass &binlet, mass flow through wastegate channel
are measured.

In order to quantify and numerically describe terapgre distribution, the resulting values at
turbine housing outlet area in every single facetexported to EXCEL and processed in order
to calculatestandard deviation of temperatures. The smaller deviation of tempeest means
better temperature distribution.

Standard deviation of temperature[43]:

N
1 _
or= |3 27 (13)
i=1
where:
N [-] - number of facets on turbine housing outletaar
T; ° - temperature in facet '
T [°C] - average temperature
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11.5 RESULTS

The current design 1 has been calculatedosedwastegate position arlg 15, 30, 50and80
degrees wastegate open position with the boundamgitons and pre-processing described in
previous chapter.

Input values are clearly shown in Table 4 belove. Mentioned above the turbine wheel

rotational speed has been estimated proportionallgxpected and pre-calculated mass flow
percentage through wastegate channel (Graph 17).

Table 4 Calculation input values

WASTEGATE OPEN [deg] 0 5 15 30 50 -
INLET PRESSURE P1T [bar] 1,82970
INLET TEMPERATURE T1T (STATIC) [°C] 875
OUTLET PRESSURE (ATMOSFERIC) [bar] 1,01325
QUADRATIC RESISTANCE COEFICIENT Ko [kg.m-4] 20
st | R ] 5650 | o0 | oo | o

170 000

160 000

150 000

140 000

130 000

120 000 \

110 000 \

100 000 \

90 000

TURBO SPEED [RPM]

80 000

0 10 20 30 40 50 60 70 80
WASTEGATE OPEN [deg]

Graph 17 Turbine wheel RPM at different wastegatsitppns
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11.5.1 CLOSED WASTEGATE POSITION

In closed wastegate position, the gasses at tutimoging outlet are cooler than at inlet. This
phenomenon is called adiabatic expansion, whideseribed in theory passages of this thesis.
The energy is handed over to the turbine wheetetbee the pressure and temperature decreases
as a gas passes through wheel channels. We caheseamperature drop at a section view of
turbine housing at Figure 67.

Total Temperature in Stn Frame

890
874
! 859
843
828
812
797
781

766

750
@

Figure 67 Section view through turbine wheel axis

Gasses do no flow straight forward to outlet asitn a case of simulation without porous
domain (catalytic converter). It deflects sidewaykttle bit into a space with lower resistance
because of flow and pressure drop characteristiimporous domain.

Velocity in Stn Frame

300
| 267
: 233
200
167
133
100

67
33

[m s*-1]

Figure 68 Flow deflection in turbine housing disoj@ due to porous domain

79 BRNO 2012



CFD CALCULATION OF CURRENT DESIGN 1 -

The exhaust gas does not flow through the wastedeenel. All of mass passes through the
turbine wheel channels and enters the dischardesmirl movement. On Figure 69 we can see
the how the wastegate channel influence the fl@dminlet section. Its position too close to T-
T section would have negative impact on performamzepressure drop.

~

Total Temperature in Stn Frame, ‘-\ ‘\_- \
900 h\ 4

850
800
750

700
[C]

Figure 69 Flow in inlet section and around closegistegate channel

The flow stabilizes when gas enters the catalyiwverter. It flows through the narrow channels
of honeycomb structure in one direction only ascae see on Figure 70.

Temperature

H 878

838 stabilized flowin

porousdomain

Figure 70 Flow in volute, discharge and porous dama
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Section A-Athrough wastegate channel Figure 71shows the temperature proportions at i
and discharge of turbine housi We can seehe temperature distribution at turbine hous
outlet is nearly uniformwvhen wastegate valve is clo.

Total Temperature
900

883
867
850
833
817
800
783
767
- 750

[C]

Figure 71Contours of temperature at closed waste (section AA (top) and view B(botton
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11.5.2 5 DEG OPEN

Total Temperature in Stn Frame

863

825

788

750
[

Figure 72 Flow vectors at 5degrees open position

Total Temperature
900

883
867
850
833
817
800
783
767
750

€]

Figure 73Temperature contours at 5degrees open positioni¢ges-A and view E
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11.5.3 15 DEG OPEN

Total Temperature in Stn Frame

[C]

Figure 74 Flow vectors at 15deg open position

Total Temperature
900

883
867
850
833
817
800
783
767
750

[C]

Figure 75Temperature contours at 15deg open position (se@-A, view B
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11.5.4 30 DEG OPEN

Total Temperature in Stn f

Figure 76 Flow vectors at 30deg open position

Total Temperature

900
H 883
867

- 850
833
817
800
783
767

750
[C]

Figure 77Temperature contours 30deg open position (sectionA-viewB)
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11.5.5 50 DEG OPEN

Total Temperature in Stn Frame

H 900

| | 863
825
788

750
[C]

Figure 78Flow vectors at 50deg open position

Total Temperature

900
H 883
867

850
‘ 833
817
800
783
767
750

Figure 79Temperature contours 50deg open position (sectionsd-view B
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11.5.6 80 DEG OPEN

Total Temperature
900

863

825

- 788

750
[C]

Figure 80 Flow vectors at 80deg open position

Total Temperature

900
ﬂ 883
867

850
833 |
817 |
800
783
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750
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Figure 81Temperature contours 80deg open position (sectionAd-view B
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11.5.7 SUMMARY OF CURRENT DESIGN CALCULATION

Average values of pressure, temperature, mass #iotv others have been measured in the
locations of interest. These are mainly the turbimaising inlet/outlet and turbine wheel

exducer. Other important values have been calaildtesed on simulation results such as
expansion ratio, efficiency, wastegate mass flowcegm@age and standard deviation of
temperature at turbine housing outlet.

Total pressure at turbine wheel exducer is sigmificmeasure of wastegate opening and
discharge design impact on turbine performance.

Standard deviation of temperatures at turbine Imgusiutlet is a numerical expression of

temperature distribution. The lower deviation meaumose uniform temperature distribution.
Table 5 below shows results at different wastegatation.

Table 5 Results summary of current design

WASTEGATE OPEN [deg] 0 5 15 30 50 80
TURBO SPEED [RPM] || 160000 150 000 130000 100 000 90 000 85000
PIT (TOTAL) AVERAGE [bar] 1,82969 1,32968 1,82967 1,82966 1,82965 1,32964
TiT (TOTAL) AVERAGE [°cl 879,06 881,52 884,97

P2T (TOTAL) AVERAGE [bar] 1,1845 1,2502 || 1,39956

P2T (STATIC) AVERAGE [bar] 1,16039 1,22858 || 1,35476

T2T (TOTAL) AVERAGE [°cl 782,21 816,85 847,75 _' :

T2T STANDARD DEVIATION [°cl 704 || 2105 _%@%ﬂ l .

TOTAL MASS FLOW [g.5-1] 78,55 98,94 121,08 138,29 143,74 143,36
MASS FLOW THROUGH WASTEGATE [z.5-1] 0,00 20,74

E;ﬁ;::mun G EURCINE WRIEES [bar] 1,22992 1,27979

% MASS FLOW THROUGT WASTEGATE ||  [%] 0,00 20,96 41,11 51,95 55,58 55,78
iz;r:ilon RATIO (TOTALTO STATIC) = %@ v T o i i1
EFFICIENCY{TOTALTO STATIC) s [%] 73 55 42 33 31 31

On Graph 18 we can see that at closed wastegat#opoaverage outlet temperature is 782°C,
which is lower almost by 100°C than inlet temperatdue to adiabatic expansion and energy
conversion. When a wastegate valve opens, outlgideature rises sharply up to 870° C.

Temperature distribution at turbine housing outtetiniform at closed wastegate. It rises up
rapidly when a valve opens a little and then dedegadualy with higher wastegate opening.

Graph 19 shows dependency of wastegate valve @osiid mass flow percentage through the
wastegate channel. It rises up rapidly when aeved\opened a little. We can see the mass flow
percentage stagnates at wastegate opening higireb€hdegrees.

Backpressure created at turbine wheel exducer its &west point when a wastegate valve is
closed. It increases as a wastegate valve opentdnde housing discharge is clogged with the
wastegated gasses.

87

BRNO 2012



CFD CALCULATION OF CURRENT DESIGN 1 -
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Graph 18 Average temperature and temperature dewviat turbine housing outlet
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Graph 19 Mass flow percentage through wastegatebamttpressure at turbine wheel exducer

The result from the calculations of current desigshows that temperature distribution is very
uneven when wastegate valve opens a little. Théhamesm and actuator used today for control
of wastegate allows opening up to 15 degrees. i&tdpening, temperature distribution is still
non-uniform and gasses flowing out of wastegatecbbare directed along discharge wall.
Higher openings of valve do not increase mass flow through waséeghannel radically but
would lead tobetter temperature distribution. The development of appropriate control
mechanism for higher openings should be considered.
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12 DESIGN 2 (REVERSED BUSHING)

As we can see on the results of current designieimperature distribution is non-uniform at
wastegate openings covered by currently used actukbr this reason, next designs are
proposed to eliminate this flow character.

The volute, wheel and extension designs remairsénee. The turbine housing inlet and outlet
flanges stays in a position. Only the wastegatamdla(duct) and discharge core are changed.
The first design change proposal is to use turbmésing with reversed bushing position. This
way the valve opens reversely which could havetpeseffect on temperature distribution. The
impact on performance needs to be verified.

The models of design 2 are created in a same mamri@ATIA V5 as described on model of
current design. The core model is shown on Fig@&eT®e bushing axis is positioned on the
other side of duct.

volute

valve trajectory volume

discharge

bushing axis

Figure 82 Core model of design 2 with reversed mgsposition

Figure 83 Discharge design with reversed bushingtpmm
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Figure 84 Section view through wastegate channdlamaited flow direction

12.1 RESULTS

The design 2 with reversed bushing position has loedculated irclosed wastegate position
and 15, 30and 50 degrees wastegate open position with the boundanglitions and pre-
processing described in previous chapter.

Geometry, mesh and pre-processing of calculatiendane in a same manner as described on

calculation of current design.

Calculation input values are the same as in cumestgn so the results can be compared to

current design 1.

Table 6 Input values for calculation of design 2

m-

R e T R

WASTEGATE OPEN [deg] 15
INLET PRESSURE P1T [bar] 1,82970
INLET TEMPERATURE T1T (STATIC) [°c 875
OUTLET PRESSURE (ATMOSFERIC) [bar] 1,01325
QUADRATIC RESISTANCE COEFICIENTKa | [kg.m-4] 20

Contours of temperature are plotted on a sameose@A) through wastegate channel and on
the turbine housing outlet (view B) as current gesl (see Figure 66)

BRNO 2012

90



DESIGN 2 (REVERSED BUSHING)

Total Temperature in Stn Frame
900

863

825

750
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Figure 85Flow vectors at 15 degrees open posi of reversed bushing des|

Total Temperature

900
H 883 -
867
850 h 4
833 |
817 '
800

783

767
250 Figure 86 Temperature contours at 15deg(left), 30deg(midaihe) 50deg (right) open positic

[C] (section A-A, view B)
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Closed wastegate position is not shown here aasitlliie same flow character as current design.
The results in closed position differs slightly wiiis shown in Table 7.

Resulting values of temperature standard deviadimh total pressure at turbine wheel exducer
shown in Table 7 below are compared to currentgtbeand other designs at the end of this
thesis.

Table 7 Results summary of design with reversedibgs

WASTEGATE OPEN

T2T STANDARD DEVIATION

EXPANSION RATIO (TOTAL TO STATIC)
EFFICIENCY(TOTALTO STATIC) Nrs

BRNO 2012 92



DESIGN 3 (HORIZONTAL BUSHING AXIS) -

13 DESIGN 3 (HORIZONTAL BUSHING AXIS)

Behavior of fluid in hostile conditions of enginehaust is very hard to predict. Therefore, every
single design proposal has to be verified by CFIdutation in order to confirm or disprove the
hypothesis of positive effect to temperature distiion. The performance influence of different
design has to be clarified as well, especiallyl@sed wastegate position.

The design 3 has a bushing axis in parallel planXY plane and is perpendicular to duct
channel axis. The valve swings around bushingfaxis the bottom closed position way up.

volute

armvolume

discharge

bushing
axis

Figure 87 Core model of horizontal bushing design

Figure 88 Discharge design with horizontal bushings
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Contours of temperature in following results chaptes plotted at turbine housing outlet (view
C) and in a section view through wastegate cha(segtion D-D) both shown on Figure 89

below.

Figure 90 Section view D-D through turbine houswith horizontal bushing axis
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13.1 RESULTS

Input values are shown irable6.
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Figure 91Temperature contours at 15 deg open position (@eand section -D)
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Figure 93Temperature contours at 50 deg open position (@eand section -D)
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Total Temperature in Stn Frame
900
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825

788

750
[C]

Figure 94 Flow vectors at 30deg open wastegatetiposi

Important values measured in post-processor angrsimoTable 8 below. Temperature deviation
and performance impact comparison to current desighother designs is evaluated in the end

of this thesis.

Table 8 Results summary of design with horizontahing axis

WASTEGATE OPEN [deg] 0 15 30
|| trem)
T (TOTAL) AVERAGE 1| el 879,18
) | [bar] 1,17722
|| 1ban] 1,15724
T2T (TOTAL) AVERAGE [°cl 782,49
T2T STANDARD DEVIATION °cl 6,11
[g.s-1] 79,68
|| 1gs-11 0,00
[bar] 1,21815
S 1 W) [%]
EXPANSION RATIO (TOTAL TO STATIC)
p1T/P2T [-] 128 1,23 1,24
1%] 42 34 33

EFFICIENCY(TOTAL TO STATIC) Mrs.
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14 DESIGN 4 (DUCT OUTLET LEANED OUT)

Design 4 has duct outlet leaned out by 50 degmees its original position in design 1. This
causes the gas to flow directly, almost perpenditplnd close to the center of turbine housing
outlet when wastegate valve is opened.

bushingaxis

volute
valve

trajectory

volume

discharge

Figure 95 Core model of design with duct outlenied out

Figure 96 Discharge design
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DESIGN 4 (DUCT OUTLET LEANED OUT) -

Contours of temperature in following results chapte plotted at turbine housing outlet (view
B) and in a section view through wastegate chafseeltion A-A). See Figure 66 for reference.

Figure 97 Section view (A-A) through wastegate dein

14.1 RESULTS

Design 4 has been calculated in four wastegateipasias well as all other previous designs.
Input values are shown in Table 6.

Total Temperature in Stn Frame
900

- 863

825

788

750
[C]

Figure 98 Flow vectors at 15 degrees open position
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DESIGN 4 (DUCT OUTLET LEANED OUT)

Total Temperature
900

883
867
850 |
833
817
800
783
767

© 750 Figure 99Temperature contours at 15deg(left), 30deg(midalte) 50deg (right) open positic

(section A-A, view B)

Table 9Results summary of design with duct outlet leans
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[bar]
[bar]
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15 DESIGN 5 (BUTTERFLY VALVE)

Butterfly valve design uses almost the same turllinasing core as design 1. The only
difference is in bushing position and wastegatennbh The axis of bushing intersects with the
axis of wastegate channel. These two axes aremdiquar to each other. The butterfly valve is
placed to the tail end of the channel. It rotatesiad bushing axis.

Figure 100 Discharge of butterfly valve design

Figure 101 Section view through wastegate channel

BRNO 2012 100



DESIGN 5 (BUTTERFLY VALVE)

15.1 RESULTS

Butterfly valve rotates around axis crossing thestegate channel axis. Therefore, it is possible

to open the butterfly valve in two directiorddackwiseandanticlockwise).

Closed positionhas been calculated in order to determinate éifitedischarge design impact on

performance. Valve rotation around Z-axis4fyand65 degreesn both positive and negative
direction andully open 90 deg position has been calculated as well.

Table 10 Input values for calculation of design 5

90 000

Total Temperature in Stn Frame

Il 900

875

q 850

825

I 800

(C]

o> )
OPEN
BUTTERFLY OPEN [deg] - -45 0 45 _
INLET PRESSURE P1T [bar] 1,82970
INLET TEMPERATURE T1T (STATIC) [>Cl 875
OUTLET PRESSURE (ATMOSFERIC) [bar] 1,01325
QUADRATIC RESISTANCE COEFICIENT Ka [kg.m-4] 20

Figure 102 Flow vectors at fully open (90 degrgessition
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DESIGN 5 (BUTTERFLY VALVE)

Total Temperature
900

883
867
850
833
817
800
783
767

750
(€] Figure 103Temperature contours at 45deg(left), 65deg(midalte) fully 90deg (right) open positic
(section A-A, view B)

900
883
867
850
833
817
800
783
767

750
€]
Figure 104Temperature contours -45deg(left) and65deg(right) open positic
(section A-A, view B)

BRNO 2012 102



DESIGN 5 (BUTTERFLY VALVE)

Table 11 Results summary of butterfly valve design
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[

[bar]
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Graph 20 Average temperature and temperature dieviatt turbine housing outlet
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DESIGN 5 (BUTTERFLY VALVE) -

On Graph 20 we can see that negative opening argese very uneven temperature
distribution with standard deviation of temperatutegher than 25°C, which is as high as in
opened wastegate valve of current design 1. Thiecsause exhaust gas flows along discharge
wall. That means opening of butterfly valve in niagadirection would not have positive effect
to temperature distribution.

On the other hand, positive opening direction dtdyfly valve has obviously better temperature
distribution at turbine housing outlet. The besbperature distribution is achieved at fully open
(90deg) butterfly valve position.

Negative direction of butterfly valve opening wilbt be included in the results comparison the
end of this thesis, because it does give positalts which would have chance to improve
temperature distribution at turbine housing outlet.
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16 RESULTS SUMMARY & CONCLUSION

Resulting values of every single design at diffexeastegate valve positions are clearly shown
at Table 5,7, 8,9 and 11.

Figure 105 Five designs of turbine housing discleeagd wastegate valve

On Graph 21 we can see the mass flow percentadjfeaent wastegate openings in designs 1,
2, 3 and 4 has almost the same character. It ugeguickly and then stagnates with opening
angles higher than 30degrees.

The butterfly valve (design 5) has different mass flow percentageadtaristic. It climbs up
gradually, which means the wastegate regulatiomush smoother and allows vepyecise
control of flow through wastegate channel.

Torque created by aerodynamic forces applied ttetflyt valve is expected to be lower than
torque applied to classic swing type wastegateevédeigns 1, 2, 3 and 4). This would allow to
shorten crank (lever), controlling the valve motiand thus allows to obtain high rotation angles
with currently used actuator. Rotary electric attu#dREA) may be used as well for control of
butterfly valve. Further investigations of forcaslaorques applied to butterfly valve at different
opening angles should be done in order to confiisiitypothesis.

50,00 %/ — ——
/ -
~
Ny

60,00

40,00

30,00 /

MASS FLOW THROUGH WASTEGATE [%)]

0,00
0 10 20 30 40 50 60 70 80 90
—4—DESIGN1 —m—DESIGN2 DESIGN3 =+=DESIGN4 ===DESIGN5 OPEN [deg]

Graph 21 Mass flow percentage at different operingles
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RESULTS SUMMARY & CONCLUSION -

In order to evaluate results of all calculated giesiand compare characteristic values of
temperature field at turbine housing outlet theugalin Graph 22, 23 and 24 are lined up by
mass flow percentage(horizontal axis). Mass flow percentage throughstegate valve
characterizes the operating point of turbine reguta

BEO

//
=

B20
=

780

b u

AVERAGE TEMPERATURE @ OUTLET [“c]

760

0,00 10,00 20,00 30,00 40,00 50,00 60,00

MASS FLOW THROUGH WASTEGATE [%]
—4—DESIGN1 —#—DESIGN2 DESIGN3 —#—DESIGN4 —<—DESIGN5

Graph 22 Average temperature T2T at turbine hayisiatlet

On Graph 22 above, we can see the average T2Tetatnpe at turbine housing outlet is
linearly dependent on mass flow percentage throvagtegate valve. Higher mass flow through
wastegate channel means higher outlet temperatarether worlds, more mass through
wastegate channel causes mass flow through turbieel to decrease and therefore less hot
gasses expands and cools down.

We can see the values of average outlet temperataralmost the same in all designs. On the
other hand, theemperature distribution differs which is noticeable at the temperature fields of
calculated wastegate positions in different designs

To judge on the scale of improvement thiandard deviation of temperature at turbine
housing outlet has been calculated. This values 1@ how much the temperature at outlet
differs. The lower deviation means better tempeeatlistribution. Comparison of calculated
designs at different wastegate positions is shawG@ph 23.
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30

/

| )
\

TEMPERATUURE DEWVIATION [°C]

10

\

0,00 10,00 20,00 30,00 40,00 50,00 60,00
—+—DESIGN1 —#—DESIGN2 DESIGN3 —#+—DESIGN4 —<DESIGN5 MASS FLOW THROUGH WASTEGATE [%]

Graph 23 Standard deviation of temperatures atingthousing outlet

We can see the deviation of temperatures at ard286 mass flow through wastegate is the
highest in a case of current design All others calculated designs have more even
temperature distribution at this point of regulation which is very significant result
Currently used actuator is able to open the wattagato 15degrees openings in which around
40% of mass flows through wastegate channel. Tleains) with the use of classical actuator we
can get more even temperature distribution at merlmutlet and thuseduce close-coupled
catalytic converter light off time and emissions atold start conditions At higher opening
angles, which could be obtained with high strokduaor or special mechanism, the
improvement is not very obvious.

The design 4 with duct outlet leaned out looks like thmest solution of the temperature
distribution problem in avhole rangeof wastegate openings.

Another important impact of design changes is Ilaekpressure crated to turbine wheel.
Therefore, total pressure at turbine wheel exdbesr been measured. The higher pressure at
exducer means the pressure gradient (expansia) within the wheel is lower and therefore
output power goes down. This is very important ey in closed wastegate position, in
which we require the best performance.

On Graph 24 we can see how the pressure at tuvidieel exducer rises up with opening of
wastegate valve. It is around 1.23 bar when wattegalve is closed and gradually rise up to
pressures of 1.5 bars. This is caused by wastegaeing and the flow in discharge domain.
The gasses flowing out of wastegate clog the digghaolume. That is the reason why pressure
rise up with higher mass flow percentage throughktegate channel.
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Graph 24 Backpressure created to turbine wheel

We can see the pressures in different designs siavéar values in whole regulation range.
However, only a small difference of pressure abing wheel exducer causes expansion ratio to
change and therefoiafluence the power output For this reason, we are concerned with the
pressure impact especiallyawsed wastegateBar Graph 25 shows the total pressure at turbine
wheel exducer at closed wastegate valve.

1,235

DESIGN 4

1,23226
DESIGN 1
1,22992

1,23

1,225 |

DESIGNZ

1,22123 DESIGMN 5

DESIGN 3 1,2193
1,21815

1,22

1,215 -

TOTAL PRESSURE @ TURBINE WHEEL EXDUCR [bar]

1,21
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Graph 25 Backpressure at turbine wheel at closast@gate position
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RESULTS SUMMARY & CONCLUSION .

We can see the design 4 with duct outlet leanedcordtes the highest backpressure to the
wheel. It is because the wastegate channel, armvalnd stand in a way of gasses flowing out of
the wheel. This would haveegative impact to the performance

Designs 2, 3 and 5 creates lower backpressure geohpa current deign 1. This would lead to
better performance at closed wastegate position.

Design 4 with duct outlet leaned out, which ondhe hand has the best temperature distribution
has on the other hand negative impact to the paence.

Goodcompromise seems to be the design 3 with horizontal bushiig}, avhich still has very
good temperature distribution at openings covengdrently used actuator and has positive
impact to the performance.

The design 5 with butterfly valve looks like a veggod solution as well. It decreases the
deviation of temperatures at outlet, has positmpact to the performance and moreover allows
smooth regulation characteristics. The assemblycga® would need to be verified and

impermeability at closed position could be a problef very precise tolerances, materials and
thermal expansivity.

This thesis has proved the temperature distribuaioturbine housing outlet could be improved
in a number of ways. The main reason why to do &t lower exhaust gas emissions at cold
start conditions in a close-coupled catalytic cotere which is mounted directly to turbine
housing outlet flange in many gasoline applicationsvadays. For this reason, interaction of
turbine housing and catalyst in a way of exhaustflgav is very important and plays vital role
in light-off time and emission reduction. Bettemigerature distribution at catalytic converter
inlet surface could improve the chemical reactidficiency and help to meet EURO VI
emissions standard awaited in 2014.

The results from this thesis had also shown theaghpn turbocharger performance. Different

discharge design, wastegate valve & arm positiahaastegate channel design influence the
pressure at turbine wheel exducer. This backpressegds to be monitored especially at closed
wastegate position, in which the best performaaacatal.

Improvement to the temperature distribution dodshecessarily mean the success. Performance
impact has to be considered as well and certairpoomises need to be kept in mind.

The thesis has revealed how does the flow in terliousing looks like in different discharge
designs and at different wastegate openings. T$wdtsealso indicate the scale of improvement,
which could be obtained with the design changba# given a first overview to the solution of
temperature distribution problem of current turbimeising design.

The aim of the thesis has not been to study prableonnected with casting production,
assembly process of wastegate components intathmé housing, impact to the thermal and
mechanical loads resistance and price of the ptamucAll of these would need to be
considered before next development steps, produetiml application to the gasoline engine.
Further investigation of temperature fields andfgrenance impact at different wastegate
openings in more opening angles of wastegate sHmuldbne before next development steps as
well.
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18 NOMENCLATURE

BMEP
Vv

n

[

T

P

Hc
AI:Rstoich

Nv
Ni
NMm

[Pa]
[m’]
[s7]

[-]

[-]

[W]
[3.kg™]
[-]

[-]
[kg.m"]
[]

[-]

[-]

[Pa]
[J.kg™.K™]
[K]

[ka]
[ka]
[Pa.m’]
[m.kg"]
[m.s?]
[K]

[K]
[Pa]
[Pa]

[-]

[]

- brake mean effective pressure appbgoigton
- volume of one cylinder
- engine rotational speed
- number of cylinders
- cycle coefficientg = 2 for four stroket = 1 for two stroke engine

-engine power output

- heat of combustion

- air - fuel ratio

- lambda

- air density

- volumetric efficiency

- indicated efficiency

- mechanical efficiency

- boost intake air pressure

- specific gas constant, for dry air r = 287.058g ™. K™
- intake air temperature

- mass of air-fuel mixture at the end of indan stroke

- theoretical air-fuel mixture mass at idaeadluction state

- pressure drop gradient in streamwds@ction of porous domain

- quadratic resistance coefficient

- average velocity in streamwise direction

- turbine housing inlet temperature

- turbine housing outlet temperature

- turbine housing inlet pressure

- turbine housing outlet pressure

-heat capacity ratio

-isobaric specific heat capacity (constant ptes)

-technical work
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NOMENCLATURE -
iz [-] -isentropic efficiency of energy conversionturbine housing

nr’ [-] - total efficiency

m [kg.s™] - mass flow

A [m?] - cross sectional area

[J.kg™.K?] - specific gas constant, for dry air r = 287.058g™*.K™*

d [m] - catalytic converter diameter
P2T [Pa] - pressure at turbine housing outlet
T2T K] - temperature at turbine housing outlet
N [-] - number of facets on turbine housing outletaar
T. [°C] - temperature in facet "’
l
T [°C] - average temperature
or [°C] - standard deviation of temperatures
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19 SUPPLEMENT

Drawings of:

DESIGN 1
DESIGN 2
DESIGN 3
DESIGN 4
DESIGN 5
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engineers create the world
that never has been.
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