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Abstract

The thesis is concerned with the development of integrated processes for
turbocharger(T/C) design and retrofitting. The processes, developed with three
modes of operation, provide a fully automatic retrofit and design solution or the
option for T/Ced Diesel Engine Simulation.

The first process which corresponds to turbocharged(T/Ced) diesel engine
simulation, utilizes 1D meanline models for T/C components, a single-zone
model for the diesel engine and a T/C-diesel engine matching analysis. The diesel
engine model is adapted to engine-specific data and the overall integrated model
is validated against shop trials data, obtained from a marine diesel auxiliary
engine. A physically consistent, transparent, and fully automated procedure is
integrated in each turbo-component meanline model, for producing the
corresponding performance map. Additionally, turbine meanline model(axial
and radial) is developed with the ability to compute turbine performance beyond
choke limit, allowing the prediction of T/C operation with choked turbine.

The second process refers to T/C preliminary design. An optimization
procedure is employed, to design both compressor and turbine to match the
entire T/Ced system. The optimization process focuses on engine fuel
consumption reduction in the engine range of operation, while ensuring
appropriate matching between turbomachinery components and the diesel
engine. Structural integrity of both turbo-components is ensured by using
simplified static and modal analysis. Dimensionless parameters are used as
optimization variables, for both compressor and turbine, providing a more
general and automated design process since there is no need to redefine the
range of optimization variables and the initial geometry for different T/C scales.
It also produces four improved 1D geometries, of different possible centrifugal
compressor diffuser and turbine combination. The combination that gives the
best improvement to the diesel engine operation is identified.

Additionally, partial turbo-component design option is provided. Similar
to the entire T/C design procedure, a 1D turbo-component multi-point design
optimization process is carried out, aiming to provide a fast and reliable solution
based on T/Ced diesel engine range of operation. Structural integrity is also
ensured by using simplified structural analysis. For compressor design, a CFD
compressor multi-point design optimization process is also provided, producing
an improved 3D compressor geometry. It complies with the T/Ced diesel engine
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range of operation, while structural integrity is ensured by using Finite Element
analysis.

The last process corresponds to automatic T/C retrofitting. During this
process, available turbo-components are examined, in order to select the one
that best matches the entire engine system, aiming to retain or improve the
diesel engine efficiency.

Then, the above procedures are then applied to two application test cases. In
the first one, a T/C redesign-retrofit case study is presented, where four
retrofitting options are analyzed (compressor replaced, T/C replaced,
compressor redesign and entire T/C redesign). In the first and second option,
T/C retrofitting is carried out, using available turbo-components. It is shown that
initial performance cannot be reconstituted using off-the-self solutions.

In the third option, a T/C compressor redesign is carried out. First,a T/C 1D
compressor design is performed, aiming to at least reconstituting the original
diesel engine performance, providing a reliable compressor initial geometry for
the 3D design procedure. Then, a fully 3D compressor design is then performed,
using a CFD-FEA optimization process, in order to provide an improved
retrofitting solution.

In the fourth option, where the entire T/C is redesigned, all four T/C
configurations are designed and analyzed aiming to at least reconstituting the
original diesel engine performance. All four improved T/C geometries are sorted
based on the diesel engine annual fuel cost reduction. Finally, a techno-
economical assessment is carried out, analyzing all four retrofit options
economic performance.

In the second case, specific faults are simulated, utilizing physical consistent
parameters such as blade roughness and thickness based on relevant literature
data. Overall system simulation and operation analysis is carried out assessing
operability and performance parameters. Analysis results show a significant
reduction in engine performance, especially in case of both turbo components
being fouled, in contrast with the heat exchanger fouling where the power
reduction is less affected.
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[lepiAnym

Yto mAaiolo NG Topovcag SISaKTOPKNG SlxTpfng €ywve avamtudn
SladIKaoLwV TPocopoiwong, oToxeVoOVTAS OTOV OXESIAOUO KOl LETEEOTALOUO
otpoflovmepmAnpwtwy. 0L Sadikacieg avamtuxBnkav ocuvvBETOVTAG TPELS
KATAOTACELS AelToupylag, mapéxovtag SnAadn pa TANPWS auTOpaTn AvoN
peteomAlopoy kat oxedlaopov otpofllolmepmANpwWTWY 1 ™ dSuvatoTnTA
TPOGOUOiWoNG aTPOBIAODTIEPTIANPOVEVTG UNXAVIG VTILEA.

H TPWTN Aettovpyla OTOXEVEL otV Tpocopoiwon
oTpoBIA0UTIEPTIANPOVUEVNG UNXAVIG VTI(EA, XPTOLLOTIOLWVTAS HOVOSIACTATA
HOVTEAQ PEOMG YPAUUNG Yl K&Be otpofllo-ocuvicTwon, €va HOVTEAO eviaiag
(VNG Yyl TOV  KWnTNpa VTICEA kKAl M@ OoVAAUON  TALPLACUATOS
oTpoBoUTEPTANPWTN - VTICeA punxoviG. To HOVTEAOD TNG VTI(EA unyavig EXEL TNV
SuVATOTNTA TIPOCAPHOYNS TWV TIAPAUETPWV TOV UE Baon Ta Stabéopa dedopéva
SOKIHWV TapaAafg OV TAPEXEL | KATACKEVAOTPLA ETALPLN, EVOWHUATWVOVTAG
TAPAAANAQ Yl TPWTN @OPA, HIK TANPWS oUTOHaTOTOmUEVT Sladikacio
UTIOAOYLOHOU  XApTn embocewv oe kKaBe pOVIEAO OTPOSIA0-CUVIOTWOAS.
EmmAéov, avamtixbnke poviédo péong ypauung otpofilov (agovikd kat
AKTVIKO) HE TN SuvATOTNTA UTTOAOYLOHOU TG amddoons Tov otpofidov mépav
Tov oplov oTpayyaAlouov.

H 8e0tepn Asttovpyla ava@EPETal OTOV TPOKATUAPKTIKO OXESIAONO
oTPOBIAOVTIEPTIANPWTWYV, XPNOLUOTIOLWVTAS Pl Stadikacia BeATioTOTOMONG UE
YVOUOVX TO TAlplaopa PE TO VTOAOLTO Vot punxavig vtifed. H Stadikaoia
BEATIOTOTIOMOMG EMKEVTPWVETAL OTN UEIWOT TNG KATAVAAWONG KAVGIHOV TNG
VTIZeA unyavng o€ 6A0 To VP0G AcLTovpylag TG, Staoc@aAilovtag TTapdAANAa TO
Talplaopa HETadl TV OTPOLIAO-CUVICTWOWY UE TO UTOAOLTIO CUCTNUA TNG
VTileA punxaving. H Sopkn akepadmta kat Twv V0 GTPOLIA0-CUVIOTWOWY
EAEYXETAL HE XPNOT ATMAOTIOMUEVNG OTATIKNG KAl OSUVAULIKNG QVAAUOTG.
ASi1doTatol TaHPAPETPOL XPNOLHOTIOOUVTAL WG HETABANTEG BeATioTomolnong,
TOGO Yl TOV CUUTILEGTT) 000 KAl Yl TOV OTPOBLAD, TTAPEXOVTAS TILO YEVIKEVUEVN
Kal autopatomompevn Swadikacia oxedliaopovy, kabwg Sev amalteitat o
EMAVATIPOCGSLOPLOUOG TOOO TOU €UPOVG TWV PETABANTWVY PBeATIoTOTIOMONG OGO
KOl TNG APXIKNG YEWUETPLAG Yo SLa@OPETIKN KAHAKA oTpOoBAoUTEPTIANPWTY.
[MapadAAnia, péow TG avdivong OAwv Twv  mOavwv  Slataewv
oTPOPBAOVTIEPTANPWTWY, EMAEYETAL 1 KAAUTEPN Olataln He yvopova TN
BeAtiwon TG AetTovpyla TOV CUOTNUATOG VTIEA UNXAVIG.
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EmumAgov, mapéyetal emAoyn UePKOU oxeSlaopuol) oTPoBLA0-OCUVICTWOAS.
[Mapopowa pe ™  Swdwkaocia  oxedaopoy  oTpofLlolTEpTANPWTY),
TPAYLATOTOLE(TAL HOVOSLAOTATOG OXESLAOUOG TOAAATAWY onpeiwv otpofiro-
OLVIOTWONG O€ eMIMES0 CLOTNUATOG VTI(EA unxavng. Emiong, Stao@aiiletal n
SOULKT akepalOTNTA TNG AVONG UE TN XPNOT ATAOTIOUEVG SOULKNG AVAAUVGOTG.
['la Tov oxeSlaopd TOU CUUTILEDTY), TIAPEXETAL ETIIONG Ul SlaSikaola oxeSlaopov
ToAAATAWY onueiwv Aettovpyiag, Baolopévn oe Sadikaoia BeATioTomolnong
vmoAoyloTikng pevotoduvaulkng(CFD), n omola mapayel pla PBeAtiwpévn
TPLOSLAOTATN YEWUETPIA PE BAOT TIG AVAYKEG TNG UNXAVIG VTILEA. ZXETIKA UE TN
SOULKI aQKEPALOTNTA TNG TPLOLACTATNG YEWHETPLAG, I SLACEPAALOT) ETLTUYXAVETAL
UECW EPYAAELOV TPLOLACTATNG OTATIKIG AVAAVOTG LE TIETTEPACUEV CTOLYELAL.

H  tedevtala  Aettovpyla  oxetifetat  pe 1OV  UETECOMALOMO
otpofloimepmAnpwtwy. Ilpaypatomoleital €€étaon O6Awv Twv Sabéciuwv
oTPOBLAO-OUVIOTWOWY, ATMOCKOTIWVTAG OTNV  €MAOYN TOU  KOXAUTEPOU
ouvvévaopov. H emdoyn yivetal pe yvopova TNV KATAVOA®OT KQUGIHOU NG
unxavng vtiled, To TaAlplXopa HE TO UTOAOLTO OCUOTNHA KAl TN SOULKY
AKEPALOTNTAL.

Ev ovvexela, mpaypatomoleitalr xpnon Ttwv OSwadikacwwv o€ 2 eldn
EQPUPUOYWV HE OKOTO TNV avadelln Twv SuvatoTTwV TOUG. ITNV TPWTH
EQUPLOY, TPAYUXTOTOLE(TAL HETEEOTALONOG otpoBholTEpTANPWTY,
avoAVOVTOG TECOEPLS EMIAOYEG HETECOMALONOU (QAVTIKATAOTAOT) GCUUTILECT),
QVTIKATAOTAOT  OTPOPAOUTIEPTANPWTY, EMAVACYESIAOUOG GCUUTILEOTN] KOl
EMAVAOYESLACUOG OAOKANPOU TOU OTPOLAOVTIEPTANPWTH). ZTNV TPWTN KAl
Sevtepn emAoyn, 1 Sladikaola TOV PETECOTMALOUOU TIPAYUATOTIOLEITAL UE XPTOT
Sltabéoiuwv oTpoBIAo-CUVICTWOWV.

IZmv Tpltn emMA0Y1], TPAYUATOTOLEITAL HOVOSIACTATOG EMAVAOXESLATUAG
OUUTILECTY], LE OTOXO TNV TANPN EMAVAOVOTACT) TNG APXLKNG AELTOVPYEING TOV
OUGTNHATOG UNXAVIG VTILEA, TIAPEXOVTAG TIAPAAANAX 0TO EpYaAEio TpLSLIAOTATOV
oxedlaopov pa alomiotn apxikn yewuetpia. Ev ovveyeia, mpaypatomoleital 1
Stadikaoia TpldlacTatov oxedlaopoy CUUTILEDTT, aKoAovBwvTag pa Stadikaoia
BeAtiotomoimong CFD-FEA, pe otoxo tnv evpeon plag PeAtiwpévng Avong
uete€omAlopov.

IV TETAPTH EMAOYY, TIPAYUATOTIOLEITAL EMAVACYESIAGTUOG OAOKAT| POV TOU
oTPOBAOVTIEPTANPWTY, AVAAVOVTAG TAPAAANAQ KOl TIG TECOEPLS TILOAVEG
SLlaTAgELS e OTOXO TNV TANPYN EMAVAOVOTHOT TNG APXIKNG AELTOUPYIlRG TOL
OLOTNHATOG PNXovNG VTICEA. Ta amoTeAéopaTta TOU OXESIAGHOU TWV TECCAPWV
Statatewv tatlvopovvtal pe Bacn TV eola Helwon TOU KOOTOUG KAUGIHOL.
TEAOG, TTPAYUATOTIOLEITAL TEXVOOIKOVOULKT] ATIOTIHUNGT TWV TECOAPWV ETAOYWV
UETEEOTALO OV, ATIOOKOTIWVTAG GTNV AELOAOYT|OT] TOUG ATIO OLKOVOLKT) OKOTILA.

H mpocopoiwon BAafwv elvat Slatépmws onpavTikn Katd tn Stadikacia
TOU oxeSlopoV 1 UETEEOTALOHOV OTPOPAOVTIEPTIANPWTWY. ZUVET®WS, OTN
Sevtepn  €@APUOYN,  TPAYUATOTOLE(TAL  TIPOGOUOIWON  OUYKEKPLUEVWV
O@OAUATWY, XPNOLLOTIOLWVTAS (@UOLKEG OUVETEIG TOAPAUETPOUS OTIWG 1
TPYVTNTA KAl TO TAX0G TtTepuylov pe Pdorm Sedopéva amd TNV avolytn
BBAoypapia. Ta amoteAéopata TNG TTPOCOUOIWONG SEXVOUV GNUAVTIKTY PElwON
otV amddoomn TG Unxavig, €8IKA oe mepimTwon emkadiocewv Kot otig dVo




oTpofLA0-OLVVICTWOEG, 0€ aVTIBEON PE TN PUTIAVOT TOU EVOAAGKTN BepuoTNnTAG
OToVL 1 pelwo™ TG LoXVOG EMNPEATETAL ALYOTEPO.
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Chapter

1 Introduction

Turbochargers(T/C) are mainly used as a part of a turbocharged(T/Ced)
internal combustion engine(ICE) while lately have been used in other power
generation units such as T/Ced fuel cells and micro gas turbines.

T/Ced ICEs have been widely used in vehicles, heavy duty trucks, ships, non-
interconnected electric power systems and other energy applications.
Specifically, they have a leading role in marine industry, used mainly as main
propulsion engines and as auxiliary power generator sets (GENSETs). Naval
vessels up to frigate class utilize four-stroke diesel engines for propulsion as well
as GENSETs since they offer lower acquisition cost, better fuel economy and
better response to load changes compared to gas turbines [Bricknell 2006].

1.1  Turbochargers

Various types of exhaust-driven T/C have been designed for charging
thermal engines. Basically, a T/C consists of a compressor and a turbine, coupled
on a common shaft. The exhaust gases from the engine are directed by the
turbine inlet casing to the blades and subsequently discharged to the
atmosphere. Exhaust gases are then used in the turbine to drive the compressor
which compresses the air and directs it to the engine intake manifold, to supply,
in turn the engine cylinders with air of higher density compared to a naturally
aspirated engine.

There exists a number of different types of compressors and turbines (or
expanders), but few of these are suitable to form the basis of an exhaust-gas
driven supercharging system. The combination of a single stage centrifugal
compressor and a single-stage axial or radial flow turbine is almost universally
used in T/C. The former type with the axial flow turbine is used for most of
medium and large size engines and its suitable for rail traction, industrial and
marine purposes and the latter type for small engines of the automotive (truck
and automobile) type (Figure 1-1). [Watson and Janota 1982]
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(b)
Figure 1-1: Turbocharger with: () Axial® and (b) Radial? Turbine.

! www.nhauticexpo.com
? http://www.epi-eng.com




1.2  Historical background

In 1905, Swiss born Dr. Alfred Biichi received the first patent(Figure 1-2) on
a T/C for a marine engine. However, the concept of turbocharging goes back to
the end of the 19th century when both Gottlieb Daimler and Rudolf Diesel were
doing research into forced intake. The first T/C were not applied to marine or
automotive but to airplanes. Around 1918, the General Electric(GE) engineer,
Sanford Alexander Moss, applied a T/C to a V12 Liberty airplane and
subsequently turbocharging was applied to many American airplanes?.

bee Pateotschrit

Nt 204630,

Figure 1-2: Highly supercharged compound engine[Buchi 1905].

The first T/C were nothing like the advanced today technology. Among other
things, a lack of proper metal and bearing technology held back their
advancement as the materials used were unable to withstand the high
temperatures in the engines. With the improvement in engineering materials,
T/C were gradually applied to smaller engines. By the 70s, T/C were standard on
large marine diesel engines, in contrast to automotive engine turbocharging.

The first automotive T/C prototype was manufactured around 1938, the
first T/Ced passenger cars did not appear until the 60s, and even then they were
still very unreliable. In the 70s, turbocharging became very popular for Formula
1 racing, and even today this is still the image that many people have about T/C.
However, the oil crisis in the 70s also brought on a new awareness for fuel
reduction. “Downsizing” by the means of turbocharging provided a great
opportunity for cleaner engines, without losing power.

In Germany, the breakthrough of T/Ced diesel cars led to the start of series
production of the Mercedes Benz 300 SD in 1978 and VW Golf Turbo Diesel in
1981. With turbocharging diesel engines, their efficiency increased, leading to
low emissions achievement. The combination of engines power increase and fuel
consumption reduction showed over the world the advantages of turbocharging,
while made Diesel engine more interesting for the passenger car industry.
[Popular Science Magazine 1979].

Another great step forward for T/C was the introduction of the Variable
geometry T/C (VGT). The first passenger car fitted with a VGT (Honda), came on

! https://www.ge.com/
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the market in 19881. VGT had clear advantages, as they could operate as both
small and large T/C due to the rotating vane system in the turbine inlet, leading
to turbo lag reduction while offering a high flow capacity at maximum power
operation. Mitsubishi Heavy Industries began developing VGT in 1984 for truck
applications and started mass production in 1994. MHI also launched VGT for
passenger cars in 2001, and this new technology quickly spread to the European
market.

Turbine blade Variable nozzle

L] L3
[Low rotation speed] [High rotation speed]
Small amount of exhaust gas Large amount of exhaust gas
= narrowed nozzle = opened nozzle

Figure 1-3: VGT mechanism.[Hu et al. 2019].

Applying two T/C to an engine has been a popular trend for maximizing
power while reducing turbo lag. Maserati was the first to use this setup already
in 1981 and Bugatti even used a set-up with four sequential T/C on a W16
engine. Concerning the two-stage concept, there are three different types parallel
sequential and serial and are depicted in. Specifically, the parallel configuration
refers to using two equally-sized turbochargers which each receive half of the
exhaust gases. The sequential turbocharging refer to a set-up in which the engine
uses one turbocharger for lower engine speeds, and a second or both
turbochargers at higher engine speeds. The serial turbocharging is where the
turbochargers are connected in series with the output of the first turbocharger
then being further compressed by the second turbocharger and in some cases
powering the larger turbine

1N
Dieselnet.com




1.3  Turbocharger as a Greenhouse gas emission reduction mechanism

As it is well known, T/C force air into an engine by using the wasted energy
from the exhaust. Nowadays, with the hybrid T/C being developed, they can also
contribute directly to the power generation in case of a hybrid electric system.

Even if a T/C is an auxiliary part of a road vehicle or maritime power
generation unit, its development is important for GHG emission reduction, as
they play a significant role in the engine downsizing, fuel consumption reduction
and efficiency increase.

1.3.1 Greenhouse gas emission statement

Transport represents almost a quarter of Europe's greenhouse gas
emissions and the main cause of air pollution around the globe, as it is shown in
Figure 1-4. The transport sector has not seen the same gradual decline in
emissions as other sectors as emissions only started to decrease in 2007 and still
remain higher than in 1990 (Figure 1-4).
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Figure 1-4: Europe Greenhouse gas emissions!.

Transport is by far the biggest emitter accounting for more than 70% of all
greenhouse gas (GHG) emissions in 2014. With the global shift towards a low-
carbon, circular economy already underway, the Commission low-emission
mobility strategy, adopted in July 2016, aims to ensure Europe stays competitive
and able to respond to the increasing mobility needs of people and goods.

! https://ec.europa.eu/clima/policies/transport_en




Chapter 1. Introduction

1.3.2 Current Energy Use in Road Transportation

A vast majority of road vehicles are powered by ICE either as an entire
energy unit or as a part of a hybrid system(coupled with electric unit) while only
a small percentage is based on all-electric system. The ICE will remain the
primary road transportation power generation mode for at least the next decade,
even if the electric systems have made acceptable progress and achieve zero
emissions(not including the electricity generation units emissions). The reason
is that a fully electric vehicle requires further research and development in the
following fields:

e Local workshops: Require further familiarization with the electric engines
field.

e Low autonomy: Due to limited batteries capacity, electric vehicles are
suitable only for city transportation. Efforts must be made in developing
charging controllers to manage the technical, environmental and
economic factors, in order to supervise the critical task of battery status
charge. Current technologies can only provide energy storage in a very
limited extent.

e Mass government investment in charging points: Public policies
development for the structured implementation of charging stations in
public places and in common use areas within large shared spaces, such
as parking and residential areas, all with the objective of implementing
electric vehicles on a larger scale.

¢ Time consuming recharging: In contrast to a conventional ICE vehicle, the
electric ones recharge time(fast recharging) may exceed the one hour,
making them less attractive for being purchased.

Nowadays, electric vehicles are presented as the key for facing both
economic crisis and global warming. Although, the mass usage of electric
vehicles has a negative impact on both issues, as it requires efficient
recharging(Figure 1-5) during off-peak hours which may not be accomplished.
Thus, the inevitable increase in power demand during peak hours may lead to:

e Overall electricity price increase in all costumers (independent of having
purchased electric vehicles).

e GHG emissions increase due to the power generation demand which in
case of efficient recharge can be generated by renewable energy systems.

e Risk of local black outs/flickering due to obsolete electrical network or
inability to cover the power demand.
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Figure 1-5: Recharge during off-peak hours for Spain: (a) Efficient (b) Inefficient
[Martinez-Lao et al. 2017]

The compressed natural gas (CNG) engines, namely ICE with CNG fuel type,
represent a promising solution for road transportation vehicles, concerning low
GHG emissions. Landersheim et al. (2021) perform series of simulations,
comparing both diesel and CNG powertrains. They conclude that a CNG
powertrain even if it is bigger than a diesel one with higher investment cost,
leads to lower fuel consumption, hence both operating cost and emissions
reduction.

Additionally, taking advantage from the zero-sulfur CNG (no SOx in
combustion derivatives), the exhaust gas energy absorption beyond the dew
point can be accomplished, allowing further engine downsizing(higher e-
Turbocharger) or possible coupling with an organic Rankine cycle [Mariani et al.
2020],hence leading to further fuel consumption, operating cost and GHG
emissions reduction.
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1.3.3 Current Energy Use in Maritime Transportation

Maritime transportation is the backbone of the international trade and the
global economy. Around 80% of global trade by volume and over 70% of global
trade by value are carried by sea and are handled by ports worldwide [Barki and
Deleze-Black 2017]. While shipping enjoys low costs, serious environmental
pollutions (such as COz, SOx, NOy, and HC) are caused by marine fuel(Bunker?).

Similarly to road vehicles, the ICE will remain the primary power generation
mode for at least the next decade, even if electric engines have made some
progress in maritime transportation. In maritime, the fundamental aspects of an
electric engine are the same with that used for powering road vehicles (on a
much larger scale). Note that the first all-electric ship was built in 2017 by
Guangzhou Shipyard International and has a range of 40 nautical miles [Schnurr
and Walker 2019].

As depicted in Figure 1-6, most of the global shipping fleet relies on heavy
fuel oil which contributes significant amounts of GHG, sulfur, and other
emissions that contribute negatively to climate change and have negative impact
on environment and human health. As Tian et al. (2020) point out, the liquified
natural gas (LNG) is viewed as the most suitable fuel for ships, depicted as the
most promising solution for GHG emissions reduction. LNG engines, compared to
heavy oil ones, succeed reduction in COz, NOx and SOx emissions by about 20%,
90% and 100% respectively.

I HFO M MDO/MGO NN LSHFO ING WENEEN Hydrogen ! Methanol
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Figure 1-6: Maritime fuel usage. [Olmer et al. 2017]

! Bunker: Marine fuel, typically for international shipping. The term is adapted from the days of coal-fired steam boilers; fuel
was stored aboard ship in coal bunkers and was shoveled into the boiler; when oil replaced coal, the bunkers became fuel
tanks, but the name was retained.




1.3.4 Turbocharged Reciprocating Internal Combustion Engine

According to the greenhouse gas emissions analysis, described in the
previous section, the ICE improvement and emissions reduction is important as
it will remain primary power generation mode for both the road and the
maritime transportation.

Ricardo et al. (2011) point out that the most capable ICE(Spark-ignition and
compression-ignition) emissions reduction mechanism today is the engine
downsizing, combined with boosting technology. This can be seen by studying
the T/Ced ICE penetration in the global road vehicle market (Figure 1-7).

Global Turbo Penetration
% of cars sold globally

2008 2020

Figure 1-7: Turbocharged internal combustion engine penetration in the global car market.!

Boosting systems are essential features of engines downsizing.
Turbocharging (and, to a lesser extent, in terms of efficiency, supercharging) is
an inherent downsizing technology, as it increases boost levels above ambient,
hence forcing more power out of a given size engine. Most vehicle manufacturers
downsize engines from 2 liters to 1.3 - 1.4 liters focusing on both fuel economy
and emissions reduction, according to Shahed (2003). He points out that engine
downsizing(Figure 1-8) is the most cost-effective method of emissions reduction.

1 .
www.turbodynamics.co.uk




Chapter 1. Introduction

Natural Aspirated ICE Turbocharged ICE
6000 CC 2500 CC

V8 Cyilinder 4 Cylinder(in-line)
220HP (165kW) 220HP (165kW)

295 kg 114 kg

Figure 1-8: Comparison between Natural Aspirated and Turbocharged Internal combustion
enginel.

Apart from the exhaust gas emissions, the noise pollution also negatively
affects both flora and fauna. By turbocharging an ICE, both air and noise
pollutions are reduced as depicted in Figure 1-9.
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Figure 1-9: The effect of turbocharging on noise from an unsilenced exhaust.
[Watson and Janota 1982]

1
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Concluding, T/C plays a significant role in ICE emission reduction. Its further
research and development can provide both further engine efficiency increase
and downsizing, especially in case of LNG or CNG engines, where exhaust gas
energy can further be absorbed beyond the dew point.

1.3.5 Turbocharged four-stroke rotating Internal Combustion Engine

One of the specific features of the four-stroke rotating ICE are that as the
rotor completes a full rotation, the output shaft accomplishes three revolutions.
In terms of the rotating angle of the output shaft, the time required to complete
one stroke is 270 degrees, that is 1.5 times more than that of a four-stroke
reciprocating engine [Sher 1998].

Among rotary engines, the Wankel engine is the only one that has been
employed on mass production vehicles. The Wankel engine has been designed
and studied by the German Felix Wankel. A comparison between Wankel and
reciprocating ICE in terms of working principle is given in Figure 1-10.

o A

Compression Expansion Exhaust Intake

BODC
ROTARY ENGINES

0
RECIPROCATING EMNGINES

o
.

T T T T
0 180 360 540 720 °cCA

Figure 1-10: Comparison of reciprocating engine and rotary engine in terms of operating
principle. [Cihan 2020]
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It is well known that the Wankel engine is basically composed of a rotary
piston that rotates inside an epitrochoidal statoric housing. The rotor has the
form of an equilateral triangle with convex sides placed on an eccentric part of
the output shaft. The different pressure conditions in the three chambers of the
Wankel engine during the four-stroke cycle produce the driving torque. Another
well promising four-stroke rotating ICE is the opposed rotary piston(ORP)
engine with similar operation mechanism.

Figure 1-11: Opposed rotary piston(ORP) enginel.

The main advantages of these engines compared to reciprocating ones are
the higher power density and the lower number of components. Also, lower fuel
octane number is required and due to the lower maximum temperature in
combustion chamber a reduction in NOyx generation is succeed. However, because
of the low reliability and the short longwearing of some components(especially
labyrinth seals), the irregular torque supply at low and medium engine speeds,
the high specific fuel consumption and the high unburned hydrocarbons (HC)
emissions (Figure 1-12) the four stroke rotating ICEs development rate drops.

1
www.douglas-self.com
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Due to global warming recrudescence, clean fuels such as hydrogen and
natural gas are attracting much attention as the combustion process of hydrogen
is free of the formations in particulate matters (PM), greenhouse gas (C02), CO
and HC. Additionally, flam propagation speed of hydrogen combustion is much
higher than other types of fuels.

% | - Rotary engine (57%c x2rotc o
— — = Rotary engine { C mtgr}

a5 N Reciprocating engine (1800cc) | o

- N 3000 rpm, P_ = 0.2 MPa o0
% 35 N N £
3 ot "
o B - T 500 T
] | S, i = P B « o

% 15 Lo i 00

L |
| NO. 2 . 100
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I:]- ] | | U
[1 L2 13 14 15

Air-Fuel Ratio

Figure 1-12: Rotary and Reciprocating engines emissions comparison.
[Sher 1998]

According to Gao et al (2021), who compare both T/Ced hydrogen
reciprocating and four stroke rotating engines, they conclude that hydrogen fuel
will be more beneficial for Wankel engines and ORP engines. The reason is that
hydrogen fuel can ease many disadvantages caused by narrow and long
combustion chambers of Wankel engines. Also, it will be very useful for the ORP
engines due to their short cyclic period.

1.3.6 Turbocharged Fuel Cells

The fuel cells are a promising sustainable efficiently energy option due to
their low environmental impact in terms of GHG emissions and noise pollution.
The most prominent configurations are described in the Table 1-1.

Similarly to the ICEs, a boosting system can be used with a fuel cell stack to
increase its efficient while downsizing it. Depending of the fuel cell type, the
boosting system can be either a T/C or a supercharger (Turbo-compressor?).
Even if the fuel cell turbocharging is an efficient solution as Kerviel et al. (2018)

! https://www.garrettmotion.com/electric-hybrid/twostage-electric-compressor-for-fuel-cells/
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point out, it cannot be accomplished in all fuel cell types due to the exhaust gas
temperature being too low (to recover enough power to drive the compressor).

The fuel cells are well placed in the panorama of sustainable energy options
owing to some of their important characteristics, such as low environmental
impact, in terms of both polluting gases emissions and noise pollution, and the
high- energy conversion efficiency.

Table 1-1: Summary of most prominent fuel cells. [Abdelkareem et al. 2021]

Polymer electrolyte membrane

Nafion Hydrogen 30-50% 1W-500kW
(PEM)
Alkaline (AFC) Alkaline Hydrogen 62% 10W-200kW
Phosphoric acid (PAFC) Phosphoric Acid Hydrogen 40% 50 kW-1 MW
Molten Hydrocarbon

Molten carbonate (MCFC) 45-55% 1 kW-1 MW

Carbonate Fuel

Yttria Stabilized Hydrocarbon

Zirconia Fuel

Solid oxide (SOFC) 55-60% 5kW-3 MW

The most suitable for turbocharging fuel cells are the molten carbonate fuel
cell (exhaust gas temperature = 400 °C) and the Solid Oxide Fuel Cell Systems
(exhaust gas temperature = 297.6 °C) based on Xing et al. (2021) study. Typical
T/Ced MCFC and SOFC layouts are depicted in the Figure 1-13. In most cases, a
hybrid T/C is chosen aiming to contribute in overall electrical power generation.

Fuel cell module
Main fucl Electricity N ‘

Fuel T
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upera(or - Ei g
3 1 o stack Electricity
3 “ Air H [-e—{ Cathode
E
= Reforming CCBI Heat
exchanger
B R I Comg ——— | \=—o Turbine
vpass valve
= c .
Fuel | Fuel preh:

ﬂ
Exhaust |

L 1

Water Air Exhaust

Fuel cell module

Turbocharged Molten carbonate fuel cell Turbocharged Solid Oxide fuel cell

Figure 1-13: Turbocharged Fuel Cells typical lay outs. [Xing et al. 2021]
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Pomfret et al. (2011) conclude that solid oxide fuel cells (SOFCs) in
comparison with other fuel cells have several advantages, including the ability to
operate using complex, carbon containing fuels via internal fuel reforming,
increased poison tolerance, and fabrication from relatively inexpensive
materials.

1.3.7 Solar micro gas turbines based on Turbocharger

A solar micro gas turbine, based on a T/C (Figure 1-14), is another
promising sustainable efficiently energy option due to their low environmental
impact in terms of GHG emissions. It is materialized using a T/C, a receiver, inlet
and outlet ducts, a generator and a burner in the case of the hybrid configuration.
The generator is coupled on the T/C shaft on the compressor side. A high-speed
generator, equipped with the relevant electronics for connection to the network
is envisaged. Alternatively, a gear box can be used to match (reduce) high T/C
speed with that of a generator, if the two rotational speeds cannot be directly
matched. In the solar-only configuration operation exploits only the available
solar energy, while in hybrid configuration, solar energy substitutes (partially or
entirely) the fossil fuel energy. Solar energy is captured by the receiver, which
heats the air after it exits the compressor. Solar beams are concentrated on the
receiver by a heliostat field. (Kalathakis et al. 2018).

Q Receiver

Solar-only  Hybrid <><> Burner

Heliostats

Generator

Compressor Turbine

Figure 1-14: Solar micro gas turbine based on a T/C configuration.
[Kalathakis et al. 2018]
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1.4 Motivation

As discussed, the T/C development is the key for GHG emissions reduction in
transportation sector, as it plays significant role in a power generation unit
efficiency enhancement, contributing to the fuel consumption reduction,
independent of the type of engine or fuel. Due to the above-mentioned benefits in
relation to GHG emissions, the research on T/C field is continuously increasing.

Motivating by the cooperation with a T/C manufacturer company! during
PhD research, the current study focuses on two basic pillars of interest, as they
are both academically and commercially attractive. The first one refers to T/C
preliminary design, aiming to provide a more efficient design solution while the
second one on T/C retrofit process for improved performance reconstitution.

For illustrating the impact of T/C efficient improvement as a GHG emission
reduction mechanism, a simplified approach, presented by Sui et. al (2020), is
followed for predicting global CO2, NOx, and HC daily emissions based on fuel
consumption. Both NOy, and HC are responsible for the annually premature
death of 4000002 people in the European region. Based on the marine traffic
website? the average number of Vessels track in daily base is about 250000
(Figure 1-15).

Figure 1-15: Vessel track live map.3

Thus, a mass marine engine fuel consumption reduction of about 0.1% can
lead to a global daily reduction of about 18500, 432 and 24 emitted tons for COo,
NOyx and HC respectively, showing the importance of T/C as a field of research.

! https://turbomed.gr/

2 https://www.europarl.europa.eu/news/el/press-room/20161117IPR51548/nea-ethnika-oria-gia-tis-ekpompes-
atmosphairikon-rupon

® https://www.marinetraffic.com
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1.4.1 T/Ced Diesel Engine literature survey

T/C consists of two components, namely centrifugal compressor (CC) and
radial turbine (RT) or axial turbine (AT) depending on diesel engine size. The
impact of T/C modeling on diesel engine combustion mechanism and
performance characteristics have been thoroughly examined in the past by
Giakoumis and Tziolas (2018) and by Giakoumis et al. (2017). Also the influence
of turbocharger heat transfer modeling both for diesel and gasolines engine
performance parameters have been investigated using neural networks by
Huang et al. (2018). Various types of models have been proposed and used in the
literature for the simulation of performance and emissions of turbocharged
diesel engines, depending on the application and configuration examined
[Watson and Janota, 1982].

Concerning the diesel engine modeling, three are the main categories: zero-
dimensional thermodynamic models, quasi-dimensional phenomenological
models and multi-dimensional CFD models. In zero-dimensional thermodynamic
models [Baldi et al. 2015 and Catania et al. 2011] the heat release is simulated in
a simplified way, using empirical / mathematical expressions, without detailed
study of physical and chemical sub-processes that actually take place in the
combustion chamber, because these are strongly dependent on the spatial
distribution of temperature and composition which are not taken into account.
This approach is advantageous in applications where limited data are available
regarding the design configuration and the operating parameters of the engine,
while computational power is limited, and computational time is a critical
parameter. In the field of phenomenological simulation models, quite important
are the multi-zone combustion models, which provide a temporal and spatial
distribution of combustion temperature and mixture composition based on the
concept of fuel jet distribution into zones. A fair compromise between more
detailed multi-zone and single-zone combustion models is provided by two-zone
combustion models, which offer reasonable accuracy at economic computer
runtime [Rakopoulos et al., 2003]. Two-zone models have been used very
effectively for examining the effect of exhaust gas recirculation (EGR) rate and
temperature on diesel engine combustion characteristics and pollutant
emissions as demonstrated by Rakopoulos et al. (2018). Phenomenological
models along with experimental campaigns have been used by Rakopoulos et al.
(2015) and Rakopoulos et al. (2019) to examine the effect of various alternative
fuels on HDDI turbocharged diesel engine performance characteristics and
pollutant emissions under both steady-state and transient conditions.

On the other hand, the multidimensional CFD models [Petranovi¢ et al. 2018,
Reitz and Rutland 1995 and Liang et al. 2010] are based on locally resolved
solution of conservation of mass, energy and momentum and include detailed
sub-models for spray and combustion phenomena. With this approach it is
possible to obtain detailed results regarding the gas flow pattern and the spatial
distribution of temperature and composition inside the combustion chamber.
However, these models are very demanding in terms of detailed design data,
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computational power and expertise to be applied making its use appropriate
only for specific applications.

The intermediate category is the quasi-dimensional phenomenological
models, which allows to execute efficient, fast and economic preliminary
calculations of heat release models and exhaust emissions as a function of
important engine parameters like injection pressure, injection timing, swirl ratio
and boost pressure. These models are based on physical and chemical sub-
models for fuel spray formation, air fuel mixing, combustion and emission
formation, offering a fair compromise between the detailed CFD ones and the
zero-dimensional models, being appropriate as predictive tools conducting
parametric studies during engine development [Pagan Rubio et al. 2018, Pariotis
and Hountalas 2003 and 2004, Pariotis et al. 2005].

Focusing on models applied to investigate the matching between diesel
engine and a turbocharger system, Charlton (1992) proposed the SPICE
modeling software, which is a quasi-dimensional model, based on the filling and
emptying method and is particularly suited for turbocharged diesel engine
systems. The system of components is modeled as a combination of
thermodynamic volumes, flow junctions and shafts. The intake and exhaust
valves are represented by junctions, each having a schedule of effective flow area
versus crankshaft position. One dimensional compressible flow equations are
used to obtain flow rates for given pressures in the neighboring volumes. The
performance of the turbocharger compressor and turbine is represented by
tabulated data taken from performance maps published by the manufacturers.

An alternative approach has been proposed by Ledger et al. (1971 and
1973), focusing on the transient simulation of turbocharged engines, by linking
steady speed experimental data (regarding engine performance and gas flow)
with dynamic models of the mechanical components of the system. However, the
weakness of this approach is that it is heavily dependent on experimental data
and it oversimplifies the simulation of combustion. A more comprehensive
transient model (extended from the filling and emptying model) was developed
by Watson and Marzouk (1977). Their model was used to investigate
turbocharger response problems at a fundamental level. It takes into account the
non-linear influence of combustion on the torque developed and the exhaust-gas
energy available at the turbine, the pulsating nature of gas flow (including
reverse flow) and also the influence of manifold pressure on pumping work.

The importance of the turbomachinery component maps used as part of a
turbocharged engine model has been highlighted by Pesiridis et al. (2012). As
discussed, suitable fitting and extrapolation methods should be applied for
accurately predicting the engine performance.

Considering T/C components 1D analysis, the flow through the impeller is
assumed uniform and the off-design performance is calculated using mean
streamline single zone models [Wasserbauer and Glassman 1975, Aungier 2000,
2005]. A significant aspect for the compressor map is the prediction of surge line.
Rodgers (1963) set the surge and choke limits for a wide range of centrifugal
compressors using experimental data. Another approach was made by Japikse
(1996), who assumed that a jet-wake structure exists in the impeller passage.
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Stuart et al. (2017) made a new approach in CC 1D analysis using a three-zone
model assuming that impeller exit recirculation influences compressor work
input. For the turbine performance, 1D models have been extensively applied, as
for example described by Romagnoli and Martinez-Botas (2011) utilizing mean
line analysis method well described in the past (e.g. Wasserbauer and Glassman
1975).

The increasing need for marine engine system downsizing, combined with
the harsh working conditions, leads to frequent engine components failure,
especially for the T/C. To ensure T/Ced engine safe operation, by preventing
those failures, a fault diagnosis system must be developed.

The development of an integrated simulation framework for simulating fault
effects on turbocharged diesel engines is expected to contribute towards
quantifying the degradation effect on operational cost by providing information
on the increased fuel consumption and decreased load [Murphy et al,, 2015]. At
the same time, it may provide information on maintenance cost and operability
concerning compressor surge margin reduction along with temperature and
rotational speed changes that affect bearings life. Additionally, it can be used for
providing suitable fault signatures, as discussed by Pagan Rubio et al. (2018).

For T/C fault diagnosis, slight improvement has been made, comparing with
the rest of turbomachines (e.g., industrial and aircraft gas turbines), relying in
most cases on engineers personal experience. Barelli et al. (2009) presents a T/C
diagnosis methodology based on artificial neural network (ANN) and proposed a
frequent data gathering campaign every six-nine months to ensure the proper
operation of such a system. Sakellaridis and Hountalas (2013) also develop a
radial turbine mean-line model as part of a T/C diagnostic tool with the ability of
adapting to available measured data. Additionally, Cui et al. (2018) model a gas-
path diagnosis for diesel engine T/C, using health factors (flow capacity and
isentropic efficiency), hence monitoring the T/C health status. In this way, the
fault effect on the stall margin and therefore on operability is predicted, which is
usually neglected in the literature where analysis do not include CFD simulation.

T/C fouling, which is the main system degradation and fault reason, can be
caused due to compressor fouling, turbine fouling, or a combination of both,
leading to inefficient operation and a shift of the operating and stall margin as
depicted in Figure 1-16. All compressors are susceptible to fouling as a result of
the ingestion of air impurities that accumulate on and stick to gas path free
surfaces, blades, and shrouds, modifying airfoil geometry [Diakunchak, 1992]. A
typical T/C fouled compressor is shown in Figure 1-17.

Additionally, oil leaks from compressor seals and bearings mix with some of
the ingested particles and deposit on the blade surfaces (Landersheim et al.
2021). The result will be the deterioration of airfoil aerodynamic behavior and
reduction of flow area leading to the compressor and engine performance
degradation.

Turbine fouling is primarily dependent on type and quality of the operating
fuel as discussed by (Meher-Homji 1987). When heavy fuel oil or crude oil is
used, the turbine degradation is expected to be significant due to low melting
point of ashes, metals, and unburned hydrocarbons. The contaminant deposition
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will have an impact over blade, by changing the airfoil shape, the inlet angle, and
increasing the surface roughness. These effects will result in reducing the airfoil
throat area and apparently reducing the performance characteristics and the
service life of the component. Also, especially in marine gas turbines, sulfidation
may occur resulting in turbine corrosion. As a result, fouling rate will increase, as
discussed by [Basendwah 2006].
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! % - - degraded
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W

Figure 1-16: Turbocharger Compressor healthy and fouled operation comparison.
[Cui etal. 2018]

Figure 1-17: Typical T/C fouled compressor?.

! www.turbomed.gr
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1.4.2 Preliminary Turbocharger design literature survey

Preliminary 1D design is the key for a successful component manufacturing.
With a comprehensive design review being carried out, an efficient, operable,
manufacturable and structurally safe 1D design solution should be provided. The
detailed design is always a time-consuming process, hence by developing an
efficient preliminary design procedure, both overall design process time and cost
can be reduced.

1D Geometry optimization is always sought in T/C design process. The
design of the turbo-components is conducted separately and not at engine level.
Qiu et al. (2013) describe the importance of T/C design on engine system level,
nevertheless their work is limited to centrifugal compressor (without volute).

Ebel et al. (2021) propose a preliminary design method following the well
known reverse model process, presented by Japikse and Baines (1997), for both
turbo-components. Such a process does not ensure that the design geometry is
optimum as no optimization process is followed. Catalani et al. (2021) present a
3D T/C design method, skipping the preliminary design part as an initial 3D T/C
geometry is given. Both works, even though they are focused on T/C design for
specific ICE, they are not performed in engine system level, as the engine model
is utilized once for both calculating the T/C demanding operating conditions and
evaluating the designed T/C new operation. Thus, there is no interaction
between engine and T/C design process. Also, the fully unchoked forced
designed turbine operation in combination with the highly small stall margin in
both works shows the importance of further research in the field of T/C design.

For 1D centrifugal compressor design, Japikse and Baines (1997) present a
1D procedure in their book by following a reverse model approach. Rossetti et al.
(2009) on the other hand, focus on vaned diffuser with incompressible flow
optimization, trying to achieve the best compromise between flow deflection,
static pressure recovery and total pressure loss. Li et al. (2012) create an
optimization design method for the entire centrifugal compressor (without the
volute), using 1D single zone model. The second part of his work is focused on
impeller and vaned diffuser matching optimization.

For 1D radial turbine design, Japikse and Baines (1997) present a 1D design
process similar to the compressor one. Alshammari et al. (2021) propose a radial
inflow turbine optimization method, combining meanline and CFD approaches,
focusing only on turbine performance and neglecting the part of structural
analysis. At the end of their work, they highlight the importance of the 3D CFD
turbine stage optimization. Lv et al. (2018), following an integrated approach,
combine a 1D design model with a sequential quadratic programming
optimization algorithm, aiming to design a high efficiency sCO; radial inflow
turbine. In the same way, Pini et al. (2013), Casati et al. (2014) and Wang et al.
(2019) combine a genetic algorithm with a meanline design tool.

Concerning 1D axial turbine design, Japikse and Baines (1997) propose a 1D
turbine design process, similar to centrifugal compressor and radial turbine
ones. Turcotte et al. (2004) present a two-stage turbine multidisciplinary design
optimization, utilizing both 0-D performance and 1D aerodynamic models while
ensuring rotor disc structural integrity with a simplified stress analysis tool.
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Similar to previous study, Kolias et al. (2018) propose an entire turbofan engine
multidisciplinary design process. Sathish et al. (2019) work fulfills the stated
objective of sCO; axial turbine design for Waste Heat Recovery application.

From all the above 1D design processes the following conclusions are
drawn:

e 1D T/C compressor and turbine have not been designed in engine system
level.

e 1D T/C design process including different possible configurations has not
been performed, hence not ensuring the optimal performance
improvement.

e The above design processes focus on 1D performance improvement
without ensuring structural integrity.

e 1D axial turbine design focuses in most cases on other applications
(turbofan, turboprop, etc.) rather than turbocharging.

e In 1D T/C optimization, dimensional geometrical parameters(hub radius,
impeller tip radius, etc.) are selected as optimization variables. Such an
approach makes the design process not general, since for different
components scales, both the range of variables and the initial geometry
must be redefined, hence making the process difficult to be automated in
terms of a more general component design process.

The modal analysis plays significant role in T/C design process. In most
cases modal analysis is performed during detailed and not preliminary (1D)
design, hence, utilizing high-fidelity modal analysis tools (e.g. Zhang et al. 2012,
Zhai et al. 2014). For ensuring modal structural integrity during preliminary
design, a more simplified tool is sufficient as it provides accurate results in
reasonable time. A conventional simplified approach for analyzing the turbo
spool dynamic behavior is the usage of the equivalent Jeffcott rotor [Nguyen-
Schifer 2015]. Additionally, Yang et al. (2016) propose a simplified model,
consisting of two rigid massive disks (compressor and turbine), two journal
bearings and a compact shaft separated into three equivalent springs (flexible
shaft) and two equivalent disks. Note that in this analysis the gyroscopic effect is
not taken into account.

Serrano et al. (2020) for improving their T/C model meanline accuracy, they
calibrate both compressor and turbine meanline models against measured data.
Such a calibration may be useful for 1D modelling, although it cannot be used for
a wide-used T/C design tool. No T/C volute CFD-based surrogate or artificial
neural network loss models have been proposed in the open literature, in order
to improve loss prediction accuracy while avoiding geometries with intensive 3D
effects during preliminary design.

1.4.3 Turbocharger retrofit literature survey

Retrofitting an existing engine with newer T/C technology is an effective
method of extending its useful life while improving its operation from both
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economic and environmental point of view. The T/C retrofit is a complicated and
time-consuming process, as each turbo-component must be chosen carefully in
order to match the engine while retaining or improving the overall system
efficiency. The Figure 1-18 illustrates a typical retrofitting process.

Available T/C components|

\ 4

o s
Baseline T/C »‘\-jl »

Engineer

Group of T/C components

@

T/Ced Engine
operating
parameters

Engineer

Group of T/C components Retrofitted T/C

(b)

Figure 1-18: Typical retrofitting process: (a) Selecting available T/C component with similar size
to baseline ones (b) Selecting the best fitted T/C components based on T/Ced diesel engine
operation.

Generally, in a T/C retrofitting procedure, the engineer first selects a group
of available T/C components with the same configuration as the baseline one.
For example, in case of a baseline T/C with radial turbine, the bank of possible
T/C components to select from is shown in the left part of Figure 1-19. Next,
according to the T/Ced engine operating parameters which are specified by the
customer, the engineer selects the one that best matches the overall system
performance, as shown in Figure 1-19. Thus, assuming that the baseline T/C has
a nominal volumetric flow rate and a nominal pressure ratio of about 0.8 m3/s
and 3, respectively, the most obvious selection is the circled one.
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Figure 1-19: Typical retrofitting process: Selecting the best fitted T/C components based on
T/Ced diesel engine operation?.

The retrofit process, relying on the engineer’s personal judgment, may not
always match in an optimal way the system performance and, thus, a T/Ced
engine unnecessary degradation occurs. This degradation leads to an engine fuel
consumption increase and to a subsequent NOx and CO> increase. Both gases are
responsible for climate change and global warming.

The development of a retrofit tool can benefit both the T/C manufacturer
and the marine company, by decreasing the retrofitting process time, hence
leading to lower process cost, productivity improvement and anchored ship time
reduction. For the majority of retrofitting cases, the most obvious approach is to
use market available turbo-components, because of the high cost for designing
and manufacturing new tubro-components. In case there are no available
components that could match the ICE, a possible solution is to redesign a new
component aiming at matching the diesel engine performance.

1.5  Goals and Objectives

The goal of this thesis is to investigate the aforementioned pillars of interest,

proposing more efficient and novel approaches.
A number of simulation tools are developed, encompassing three specific
processes, hence providing a fully automatic retrofit-design solution or the

option for simulating a T/Ced diesel engine.

!library.e.abb.com
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The methodology applied in order to meet the objectives are to:

e Develop each turbo-component meanline model and verify it against
available measured data.

e Develop an T/Ced Diesel engine model and verify it against available
measured data.

e Develop static and modal structural analysis tools and verify them against
commercial high-fidelity software numerical results.

e Propose a multi-point preliminary T/C design process based on T/Ced
diesel engine operating line, while ensuring that the solution is both
structurally safe and manufacturable.

e Propose a retrofitting process, examining all the available turbo-
components and selects the one that best matches the entire engine
system, aiming to retain or improve the diesel engine efficiency.

e Develop and fill an “available turbo-components” database.

e Perform a retrofitting process for a specific T/C, examining the best
retrofit solution. In this process, both turbo-components and entire T/C
replacement are investigated.

e Perform a re-design process in engine system level for a specific T/C,
analyzing all possible configurations. In this process, both turbo-
components and entire T/C re-design are investigated.

e Quantify the impact of all retrofit and re-design solutions in terms of
techno-economic assessment.

The T/C fault simulation is an important part of the T/C design-retrofit
process as the engine components are led to frequent failure, due to the
increasing need for engine system downsizing, combined with the harsh working
conditions. Additionally, as the stall margin reduction due to the fault effect is
predicted, the T/C compressor can be designed with a sufficient stall margin,
hence ensuring the stable operation even under faulty operation. Thus, the
following methodology are also applied:

e Perform both T/C and intercooler fouling analyses, investigating their
effect on both T/Ced diesel system degradation and compressor stable
operation regime.

For applying the above methodology, the following tools-models are
developed in order to encompass these three specific processes, namely T/Ced
diesel engine simulation, T/C design and T/C retrofit. These tools are:

CC meanline model.

RT meanline model.

AT meanline model.

Intercooler model.

T/C Matching analysis model.

CFD-based CC volute surrogate loss model.
CFD-based RT volute surrogate loss model.
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T/Ced simulation process development.

CC preprocessor(reverse model).

RT preprocessor(reverse model).

AT preprocessor(reverse model).

Static structural analysis tools for CC, RT, AT

e 1D to 3D transformation tool: automatically 3D blade geometry
generation having meanline model geometrical parameters as input data.

e T/C modal structural analysis tools.

e Utility function development for 3D CFD-FEA simulation.

e T/C design process development and integration in a commercial
optimization tool.

e T/Cretrofitting process development.

e Turbo-components trimming tool.

These processes can be applied on any type of T/Ced reciprocating engine
and in every T/Ced engine system (e.g. T/Ced Wankel, T/Ced SOFC, etc.), by
replacing the reciprocating engine model.

1.6  Organization of the Thesis

The remaining text is organized in the following chapters. In Chapter 2 a
presentation of the processes is performed. Specifically, a technical detailed
description of each process is carried out, including sub-tools, their development
environments and how they are coupled with each other. In Chapters 3, 4 and 5,
an extensive description of the corresponding processes is also performed.

In Chapter 3, the T/Ced diesel engine simulation process is analyzed. All the
integrated sub-models are presented, focusing on their theory-correlations and
each other coupling. Additionally, both the centrifugal compressor and the radial
turbine volutes loss models enhancement via CFD-based surrogate loss models
are analyzed, including a presentation of the corresponding learning chosen
methods and processes. Finally, a validation of the model of each individual
component, as well as the entire T/Ced diesel engine, is performed.

In Chapter 4, the automatic T/C preliminary design process follows. It is
basically a 1D T/C multi-point design optimization process, aiming to provide a
fast and reliable solution based on T/Ced diesel engine range of operation.
Additionally, the turbo-component/entire T/C static and modal structural
integrity is ensured by using a simplified structural analysis tool. Dimensionless
parameters are used as optimization variables, for given nominal mass flow,
speed and power. A CFD compressor multi-point design optimization option is
provided, producing an optimized 3D compressor geometry. It complies with the
T/Ced diesel engine range of operation, while structural integrity is ensured by
using Finite Element Analysis.

In Chapter 5, the automatic T/C retrofit process is analyzed, while
presenting all possible T/C retrofit options. Then, a more detailed description is
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followed for each retrofit option, showing how the tool examines all available
turbo-components in order to select the one that best matches the entire engine
system, aiming to retain or improve the diesel engine efficiency.

In Chapter 6 and 7, the use of the developed tools and processes is
demonstrated through several application test cases. In Chapter 6, the tools are
applied in a retrofitting case study, where four retrofitting options are analyzed
(compressor retrofit, T/C retrofit, compressor redesign and entire T/C
redesign).

In the first and second option, T/C retrofitting, using existed turbo-
components, is carried out. In the third option, a compressor designing is
performed, following a weighted single-objective optimization procedure, in
order to provide an improved retrofitting solution, aiming to at least
reconstituting the original diesel engine performance, while ensuring
compressor structural integrity. In the fourth option, a weighted single-objective
optimization procedure is also employed to design both compressor and turbine
to match the entire T/Ced system in an improved way. The optimization process
focuses on engine fuel consumption reduction in the engine range of operation,
while ensuring appropriate matching between turbomachinery components and
the diesel engine. Both turbo-components structural integrity (static-modal) is
ensured by using simplified structural and modal analysis. Dimensionless
parameters are used as optimization variables, for both compressor and turbine,
providing a more general and automated design process independent of the T/C
scale.

Additionally, volute loss surrogate models, trained with CFD simulated data,
are also provided for both centrifugal compressor and radial turbine as option,
allowing for a more detailed design process. The process produces four T/C
(compressor and turbine) optimal 1D geometries (if it is possible), of different
configurations, namely vaneless diffuser centrifugal compressor - axial turbine,
vaned diffuser centrifugal compressor - axial turbine, vaneless diffuser
centrifugal compressor - radial turbine, vaned diffuser centrifugal compressor -
radial turbine. The combination that gives the best improvement to the diesel
engine operation is identified. Finally, a techno-economical assessment is
performed aiming to present the best fitted retrofit option from an economic
aspect.

In chapter 7, the tools are applied in a T/Ced engine fouling analysis for both
T/C and intercooler as fault effect on engine system degradation is an important
part of both T/C design and retrofit process. The T/C component faults
simulation is materialized using physical consistent parameters such as
roughness.

In the last Chapter the conclusions of the thesis, the contributions to science
and technology and the future work suggestions are discussed, including a list of
publications.
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Chapter
2 Introduction to the processes

for Turbocharger Design and
Retrofitting

Integrated processes for T/C design and retrofitting are developed with
three modes of operation, providing a fully automated retrofit-design solution or
the option for T/Ced diesel engine simulation. In this Chapter a presentation of
each individual process is performed, focusing on their functionality, their
development environment, and the coupling between each-other.

2.1  Turbocharged Diesel Engine Simulation mode: Benefits and contribution

The T/Ced diesel engine simulation mode utilizes 1D models for T/C
components, a single-zone model for the diesel engine and a T/C-diesel engine
matching analysis. As depicted in Figure 2-1, in first step, both T/C components
geometry are required as input data for predicting the corresponding
performance maps via meanline analysis. Then, having also given the diesel
engine input data(geometry, speed, demanded power etc.), required for the
single zone model, the entire engine system operation over its whole envelop is
predicted, as T/C maps are parsed to the integrated 0-D T/C model for
calculating the T/C operation. For ensuring the accurate interpolation and
extrapolation for both compressor and turbine performance maps, generated by
the corresponding meanline models, the well-established beta lines method,
suggested by Kurzke (1996), is applied for. Also, the diesel engine model is
adapted to engine-specific data and the overall engine system is validated
against available shop trials data. Shop trials data refer to T/Ced ICE bench
measurements at specific load points. Note that the simulation mode is also
utilized by the design and the retrofit processes.

Concerning T/C meanline models, they consist of the state-of-the-art loss
models based on public literature. Also, they are separated into specific sub-
domains(e.g. impeller, vaned diffuser, volute, etc.), allowing the simulation of
different configurations.
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Concerning the “stable operation” margins calculation, the following
assumptions are taken into consideration. The impeller and the vaned diffuser
stall calculations are based on the approaches, presented by Aungier (2000).
Regarding the choke limit prediction, performed for both compressor and
turbine, the choking mass flow is calculated in each sub-component inlet and
outlet area, for both stationary and relative frames, and then the minimum value
is used as the corresponding limit.

Compressor
Geometry
Diesel Engine
Input Data
Compressor . EERNDaw I J
Meanline model X (oo T T |
L . |0-DT/C Intercooler| |
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T | Diesel Engine :
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Figure 2-1: T/Ced diesel engine simulation

Taking advantage from the “stable operation” margins calculation, a
physically consistent, transparent, and fully automated procedure is integrated
in each meanline model, for producing each required turbo-component(CC, RT
and AT) performance map.

Additionally, the AT and the RT meanline models are developed with the
ability to calculate their performance beyond the choke limit, hence allowing the
prediction of T/C operation with choked turbine.

All meanline models are developed within Propulsion Object-Oriented
Simulation Softwarel(PROOSIS), as it uses a non-standard, high-level, object
oriented programming language, named EL, that enables the modelling of engine

EcosimPro |PROOSIS| System Modelling and Simulation Toolkits and Services. http://www.proosis.com/
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subsystems and offers all the benefits of an object oriented language [Alexiou
2014].

CC [Aungier 2000] and RT [Aungier 2005] conventional volute models do
not consist of secondary losses(losses due to 3D effects). With this 1D model
inability to capture volute 3D effects, in case of an optimization process, the
solution may be led to geometries with intensive 3D effects, observably only via
CFD analysis. Thus, both CC and RT volute sub-components are not included in
design process in most cases.

For predicting 3D effects via volute meanline analysis, CFD-based surrogate
loss models are developed, aiming to replace the conventional ones. Both the CC
and the RT CFD based volute loss models are developed in python environment.
Regarding the coupling between the meanline model and the surrogate model, it
is accomplished via Fortran wrapper static libraries, allowing the
communication between PROOSIS and python.

Considering the diesel engine single zone model, it is utilized for the current
study as a black-box software.

Each simulation process, integrating the necessary tools, is developed within
Python environment in order to easily manage all the necessary sub-tools.
Taking advantage from the multiprocessing python module!, both turbo-
components performance prediction is performed simultaneously, aiming to
reduce the computational time.

Having developed a model capable to simulate the system operation over its
whole envelope, engine fault analysis is performed in order to determine how
fouling in T/C and intercooler affects the whole system operation, using physical
consistent parameters as input data such as roughness increase rather than
arbitrary mass flow, and efficiency reduction factors [Kurz and Brun 2009]. In
this way, the fault effect on the stall margin is obtained, thus, the effect of faults
on operability (usually neglected in 1D analysis to the author’s knowledge) is
assessed as well. Therefore, an alternative, lower fidelity, and time efficient
option for studying the faults effect on the stall margin is provided, which
otherwise is obtained using higher-fidelity, but time consuming CFD tools
[Melino et al. 2011].

2.2  Automatic Turbocharger design mode: benefits and contribution

The design process(Figure 2-2) intends to integrate all the necessary sub-
tools, required for designing an operable, efficient, structurally safe and
manufacturable T/C in engine system level, while contributing novel elements to
the entire engineering community. These elements can be used independent of
the turbomachinery design application.

! https://docs.python.org/3/library/multiprocessing.html
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Figure 2-2: Turbocharger design

Both turbo-components design is carried out in engine system level,
focusing on T/Ced diesel engine overall operation improvement and fuel
consumption reduction, performing a multi-point design calculation. Making use
of dimensionless geometrical parameters as optimization variables with defined
range instead of dimensional ones, it can provide a more general T/C design
procedure. The T/C design available configurations are:

a. Vaneless Diffuser Centrifugal Compressor - Radial Turbine
b. Vaned Diffuser Centrifugal Compressor - Radial Turbine

c. Vaneless Diffuser Centrifugal Compressor - Axial Turbine
d. Vaned Diffuser Centrifugal Compressor - Axial Turbine

Having developed a proper simplified structural tool with the capability of
performing both static and modal analysis, the structural integrity of the design
solution is ensured. The entire process is conducted within python environment,
while all the integrated analysis sub-tools are developed within PROOSIS. The
coupling of all these sub-models is extensively described in Chapter 3. Taking
advantage from the multiprocessing python library, it parallelizes the T/C
components design sub-processes and allows the design of all possible
configurations simultaneously, hence reducing the computational time.
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Finally, the design process integrates a 3D high fidelity design sub-tool,
which is limited to vaneless diffuser centrifugal compressor design. This 3D
design tool follows an optimization procedure. In the 3D optimization process, a
python in-house utility function is developed, with the aim to run specific sub-
processes, such as fluid domain meshing and flow modeling, in order to
automate the compressor CFD performance prediction.

The T/C design process is utilized either directly by designing a new T/C for
a specific diesel engine, or as an extension of retrofit process in order to examine
retrofit options relating to redesigning. Finally, the current process integrates a
commercial optimization tooll. The coupling between design process and
optimization tool can be found in [['idxog 2019].

2.3  Automatic Turbocharger Retrofit mode: benefits and contribution

According to Button et al (2015), the main contributors in the life cycle cost
of the T/Ced ICE are maintenance and operational costs. Both costs increase as
T/C degradation occurs due to the harsh working conditions, leading to frequent
turbo-components replacements. In many cases of an aged T/C not available
anymore in the market, retrofit is performed, by replacing specific component
(compressor or turbine) or entire T/C with a new one available in the market.

The T/C retrofit is a complicated and time consuming process, due to the
fact that each turbo-component must be chosen carefully, in order to match the
ICE, while retaining or improving the whole system efficiency. The automation of
such a process can benefit both T/C manufacturer and marine company, by
decreasing the retrofitting process time, hence leading to lower process cost,
productivity improvement and anchored ship time reduction. For the majority of
retrofitting cases, the most obvious approach is to use market available turbo-
components, because of the high cost of new component designing and
manufacturing. In case of no available component that suitably matches the ICE,
a possible step is the redesigning of a new geometry, able to match the engine.
Briefly, the four retrofit options are the following:

e Option 1: Turbo-component (Compressor or Turbine) retrofit, using the
corresponding available turbo-components.
e Option 2: Entire T/C retrofit, using available compressor and turbine

pairs.

e Option 3: T/C turbo-component re-design (compressor or turbine
optimization).

e Option 4: Entire T/C re-design (compressor and turbine combined
optimization).

! Isight & SIMULIATM Execution Engine - Dassault Systémes®.” [Online]. Available: https://www.3ds.com/products-
services/simulia/products/isight-simulia-execution-engine/
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Retrofit process relying on engineers personal judgment may not be optimal.
Thus a T/Ced diesel engine unnecessary system efficiency reduction occurs,
leading to both an engine fuel consumption and emissions (NOy, HC, etc.)
increase.

The automatic T/C retrofitting mode, coupled with the T/Ced diesel engine
simulation process, examines all the available turbo-components and selects the
one that best matches the entire engine system, aiming to retain or improve the
diesel engine efficiency. In case the best selected T/C does not fully satisfy the
matching criteria, a developed trimming sub-tool (Swain and Engeda 2014) can
be used for adapting the performance map based on the matching requirements.

For completing the option 3 and 4, the current process communicates with
the design one, initiating the corresponding sub-tools either for redesigning a
turbo-component or the entire T/C.

2.4  Summary and Discussion

Integrated T/C design and retrofitting processes are briefly presented in this
Chapter. Focusing on three specific modes of operation, they provide a fully
automated retrofit-design solution or the option for T/Ced Diesel Engine
Simulation.

The first process simulates the entire T/Ced diesel engine operation and
performance over its whole envelope. It also provides the capability of studying
how fouling in T/C and intercooler affects the whole system degradation using
physically consistent parameters instead of arbitrary mass flow, and efficiency
reduction factors.

In the second process(design), an optimization procedure is followed, in
order to (re)design specific turbo-component or the whole T/C to match the
entire system in an improved way. Utilizing dimensionless parameters as
optimization variables with defined range, it can provide a more general T/C
design procedure, independent of the T/C scale.

In the third process(retrofit), all available turbo-components (compressors
and turbines) are examined in order to select the one that best matches the
entire engine system while retaining or improving the diesel engine efficiency.
Additionally, taking advantage from the communication with the design process,
a retrofit redesign option is provided (option three and four) either for a specific
turbo-component or the entire T/C.
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ChaEter

3 Turbocharged Diesel Engine
Simulation

In the present chapter the T/Ced diesel engine simulation process is
presented. All the integrated sub-models, including both the theory and the
relevant correlations, are also extensively described. Additionally, both CC and
RT surrogate volute loss models are presented, focusing on the learning process
and the required training patterns, generated via a CFD parametric analysis.
Finally, each sub-model individually and entire T/Ced diesel engine are verified.

3.1  General description

The T/Ced diesel engine simulation process utilizes 1D sub-models for
calculating the turbomachinery components maps and then a fully coupled
process integrating the turbomachinery components, allowing the calculation of
the performance and operating conditions at subsystem and system level. Figure
3-1 depicts the T/Ced diesel engine components and the matching analysis flow
chart.

The simulation process consists of four main sub models. The diesel engine,
the intercooler, the centrifugal compressor and the turbine (axial or radial)
model. The compressor and the turbine geometries are given as input data in the
corresponding meanline models for generating the components performance
maps. Regarding the diesel model, the required input data are the inlet valve
closing angle, the exhaust valve opening angle, the compression ratio, the
cylinder bore, the piston stroke, the generator efficiency and the shop trials data.
Finally, for setting up the intercooler model, its pressure drop and its
effectiveness at 100% of engine load are required.

Having established the integrated models for a specific T/Ced diesel engine,
for a single operating point, the ambient conditions, the engine speed and the
engine fuel consumption (or demanded output power) should be defined.
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3.2  Diesel Engine model

For the diesel engine, an in-house single zone thermodynamic combustion
model has been used for modelling the closed engine cycle. The main purpose of
the simulation model is to predict the engine performance, the thermodynamic
properties of the working medium and the mass flow rate, in order to be coupled
with the compressor and turbine models, using as little as possible experimental
data for model calibration. Therefore, a simple approach is followed, based on
the application of the first law of thermodynamics, assuming that the combustion
chamber burns a single homogeneous mixture. Thus, only the temporal variation
of the in-cylinder mixture concentration, temperature and thermodynamic
properties is considered, as a function of the instantaneous cylinder volume. In
other words, at each crank angle, the model predicts the in-cylinder
homogeneous mixture composition (i.e. perfect combustion products
concentrations after combustion initiation), the in-cylinder pressure and the
uniform in-cylinder bulk gas temperature. For the close part of engine cycle, the
energy conservation equation is written as:

dUcyl — de + dQcomb _ aw

3.1
dt dt dt dt (31

The mechanical work performed by the piston during the compression and
expansion phases is due to the volume change in the cylinder and is calculated by
the following trapezoidal rule:

dVey,

aw = (pcyl,i + pcyl,i+1) T (3.2)

where peyii and peyli+1 are two successive values of cylinder pressure and dVey is
the cylinder volume step.

The heat addition due to the combustion is taken into account assuming
complete combustion of the fuel injected having a specified lower heating value.
The fuel burning rate at every individual crank angle, is predetermined using a
simple empirical model (Wiebe function) according to the following expression
[Stiesch 2003]

Qcomb ((,0)

(. ‘Psoc)m+1)
—_— 3.3
Qcomb,tot ( )

=1—exp <—6.908 * (
A9

where Qcomp,tot = Mpyer * LHV, m and Ag, are parameters determined by the
calibration procedure conducted. The ignition delay is estimated using an
Arrhenius type equation [Heywood 1988]:

n Ey, 1
Tig = A * Pcy * exp 7 To (3.4)

where, P and T are the instantaneous in-cylinder pressure and temperature, E, is
the apparent activation energy of the fuel auto-ignition process, R is the
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universal gas constant and A and n are constants dependent on the fuel. In this
study the values proposed by Wolfer are used, i.e. n=1.19, A=0.44 and the
parameter E,/R=4650 K[Heywood 1988].

The heat transfer between the cylinder gases and the combustion chamber
walls can be due to both convection and solid body radiation. The latter
originates from hot soot particles. However, due to the assumption of perfect
combustion, soot particles are not taken into account. To compensate this, the
effect of radiative heat transfer is taken into account by an empirical
augmentation of the convective heat transfer coefficient [Stiesch, 2003]. The
convective heat transfer rate between the gas and the wall can be described by
the Newton's cooling law:

Qw=hA(T, — Tcyl) (3.5)

where h is the convective heat transfer coefficient, A is the instantaneous surface
area across which the heat transfer takes place and T,,, T, are the mean wall
and in-cylinder gas temperatures, respectively. The convective heat transfer
coefficient is estimated assuming steady turbulent flow over the cylinder wall,
using the following expression:

Nu = hk—L = C Re® Pr? (3.6)
where L represents a characteristic length and equals the cylinder bore diameter,
C, a and b are empirical constants that are determined by curve fitting
experimental data of wall heat transfer rates. In this study a=0.80, b=0.40. To
calculate the brake engine power, the correlation proposed by [Chen and Flynn
1965] for T/Ced engines is used, where the friction mean effective pressure
FMEP in bar is calculated as:

FMEP = 0.137 + 0.005 Ppqx +0.162 Cpistonmean (3.7)

where Pnax is the peak combustion in-cylinder pressure in bar and cpiston,mean iS
mean piston speed in m/s. The air mass flow rate is calculated using the
following expression:

, P, N
Mg = ReT,. Vew Mol (E) (3.8)

where P;,,, and T;,,, are the pressure and temperature at the engine inlet manifold
(after inter-cooler), n,,, is the volumetric efficiency, R is the air gas constant and
N is the crankshaft speed. The gas temperature at IVC is calculated using the
following equation:

where AT is an adjustable input parameter to the integrated simulation model.
The volumetric efficiency nyo is adjusted in order predicted data for peak
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cylinder pressure, brake power output and exhaust gas temperature after
turbocharger to match corresponding shop trials data. The exhaust gas flow rate
is calculated by:

Mexy = My + Meye (3.10)
A polytropic expansion is used to calculate the exhaust gas temperature

using the corresponding value of exhaust gas temperature at EVO as follows:

n—1

P T
Toxn = Tevo (—ex;‘msz ) (3.11)
EV

where Pgyo is the cylinder gas pressure at EVO and Pexhmanif is the exhaust
manifold pressure, which is calculated using the following expression:

1 .
Pexh,manif = Epim + \/(Pimloo)z - 8mgthim + (TEVO - Tim) (3-12)

At this point it is worth making some observations about the diesel engine
closed-cycle simulation model. Specifically, the model predicts the variation of
in-cylinder pressure during closed-cycle diesel engine operation and thus, it does
not account for the variation of cylinder pressure during intake stroke in order
to calculate the pumping work during gas exchange. However, the impact of the
negative pumping power on the brake engine power output is rather limited
since the highest portion of indicated power results from the closed-cycle engine
operation and thus, the error induced in the calculation is not considerably
important. Also, it should be underlined that the main scope of the selection of
the single-zone approach was based on the fact that it is suitable for cases where
there are very limited available data for the geometrical and the operational
characteristics of the engine. This is the case that is usually met in practical
applications where turbo-matching has to be implemented in existing engines
under retrofitting (i.e. replacement of existing T/C with another one) where the
only available data are the test records of the diesel engine at shop trials.

The validation analysis of the current diesel engine model is performed as
an entire T/Ced diesel engine system and is presented in the section 3.8.

3.3 Intercooler model

An intercooler model has been developed, aiming to predict the charged air
pressure and temperature, driven to diesel engine after its cooling. Its
performance is estimated by prescribing the intercooler effectiveness and total
pressure losses on the hot and cold sides. The temperature effectiveness (¢) and
the pressure drop at design point are defined according to the following
equations.
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_ Tir1,hot B Tout,hot

3.13
Tin,hot - Tin,cold ( )

Pout,cold or hot = Pin,cold or hot(1 - chold or hot) (3-14)

where dPcoid orhot is the pressure drop across the intercooler. In order to estimate
the outlet temperatures of both the cold and hot sides of the intercooler, a heat
flow balance is performed between the hot and cold sides. For off-design
operation, the off-design pressure drop(dPcoiq or hot,off) 1S defined as [Walsh and

Fletcher, 2008]:

2

m
. ) chold or hot,des (3'15)
Myes

dPcoiq or hotoff = (

while the off-design effectiveness (€,¢) as [Walsh and Fletcher, 2008]:

or = 1— ((m’:) (1- sdes)> (3.16)

3.4  Centrifugal Compressor Meanline model

The centrifugal compressor meanline (CML) model has been developed for
simulating any centrifugal compressor “configuration”, conducting a mean-line
(1D) analysis to establish the off-design performance of a compressor of known
geometry. The CC model includes sub-models for modelling the preformance of
impellers, vaneless diffusers, vaned diffusers, and volutes. Depending on the
desired CC configuration, the vaned diffuser and/or the volute sub-models can be
turned on or off.

Exit flow conditions and performance of each individual component, shown
in Figure 3-2 (impeller, vaneless diffuser, etc.) are calculated, considering the
corresponding loss models and having as input conditions the upstream
component outlet conditions. At the end of the CC calculation, the overall
performance of the compressor is established and is expressed in the form of
isentropic and polytropic efficiencies, flow and work coefficients, etc.

Regarding the CC stations of the mean-line calculation (Figure 3-3), station 1
corresponds to the impeller inlet, 1i to the impeller inlet just downstream of
blade leading edge, 3 to the impeller outlet, 4 to the vaneless diffuser outlet, 5 to
the vaned diffuser outlet (if exists), and 6 to the scroll volute outlet.
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Figure 3-3: Centrifugal Compressor stations. [Galvas, 1973 and Aungier, 2000]]

3.4.1 Meanline analysis input data

The CC meanline analysis is conducted within the PROOSIS environment,
depicted in Figure 3-4, with specific input data, presented in Table 3-1.
Concerning the geometrical parameters that are included in input data, their
graphic representation is shown in Figure 3-5.
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Gen

CML_TUR_UPDATED. CentrifComp1 - Cmp w0 %
Type: ICML_TIJR_UPDATED.CEnmfuga\ 1DCompressor _I QI
1 name: [cmp ¥ showLabel [~
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as | | | - Flidiodel alpha_cth 7 deg angle betieen the streamine slope and the axial drection L
ibraf |7 & Map apha_c2 %0 e D e T e e e o e
esis | | [ Erors DH 0.029 m inducer hub Diameter
e, i |+ @@ Configuration
| @ impelerGeometry DIT 0.084 m inducer tip Dismeter
- (3 VanelessDiffuserGeome. .. ||D3 0.137 m impeller exit Diameter
+ [ VanedDiffuserGeometry biMFb 52.2 deg inducer mid blade angle J
@ voluteGeomety b3 .6 deg impeller blade exit backsweep from meridional
= t 0.0012 m inducer mid thickness
t3 0.0037 m exducer mid thickness
b3 0016 m impeller exit biade height
0] 3 - number of impeler main blades
sPLle & o splitter blade dmentionlss position from leading edge .
< | _’|_I
B | T Close

Figure 3-4: CC meanline analysis schematic and input data in PROOSIS environment.

Table 3-1: CC meanline analysis input data.

Dinw  Impeller hub inlet diameter ts Vnd diffuser inlet blade thickness
D1,  Impeller tip inlet diameter ts Vnd diffuser outlet blade thickness
D Impeller outlet diameter bs Impeller outlet blade height

D, Vnless Diffuser inlet diameter b, Vnless diffuser inlet channel width
Ds Vnd Diffuser inlet diameter bs Vnd diffuser inlet channel width
Bo.1 Impeller inlet blade angle Zvs Impeller main blades number

Bo.3 Impeller outlet blade angle Zrs Impeller full blades number

Bv.a V/nd diffuser inlet vane angle La Impeller axial length

Bvs Vnd diffuser outlet vane angle Zy Vnd diffuser vanes number

th Impeller inlet blade thickness ARyq  Volute aspect ratio

t3 Impeller outlet blade thickness Nmeen  CC speed

legp Splitter blades dimensionless position Ptin Inlet total pressure

Fluid  Working fluid (Air) Ttin Inlet total temperature

m CC mass flow e Wall roughness

cl Impeller clearance

Typical T/C compressor impeller, vaned diffuser and volute are illustrated in
Figure 3-6.
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Figure 3-6: T/C centrifugal compressor!: (a) impeller (b) vaned diffuser (c) volute

! www.turbomed.gr
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3.4.2 Meanline analysis

Considering the meanline analysis, the reference radius is selected to be
placed at RMS position,

Dz ..+ D2
L (3.17)

as the compressor inlet area is separated into two equal areas.

Impeller inlet(1)

At the beginning of the analysis, the inlet impeller area(A1) is:

Dfip1 — Ditupa (3.18)

A, =
1 =T 4

Note that, as the analysis consists of thermodynamic properties, the definition of
specific heat capacity at constant pressure(Cp) is not required and the specific
enthalpy is a function of temperature,

h=h(T)and T = T(h) (3.19)

Assuming a swirl-free inlet flow, and using an initial value for the meridional
velocity in hub position, both rms and tip ones are calculated as,

Vinref1 = Vm,l(Rref,l)r Vintipa = Vi1 (Reip1) (3.20)

Via(R) = Vi €0 @R AR=Rpup) (3.21)

where V;,, 1 (R) is the meridional velocity as a function of impeller inlet radius and
ac g the streamline curvature in each radial position. Considering the streamline
curvature in both hub and tip positions, is defined based on user-given wall
curvaturel, while rms one is expressed as:

_ (acript acnup) (Rrefa + Ruubp)
aC,ref -

+a (3.22)
Riip1r + Rpup Cub

Then, using the trapezoidal rule at the rms position and by Simpson rule for
unequal intervals at the tip position, the previous equation is approximated for
the meridional velocity in both rms and tip radius as:

Vina = Vimhub,1 el (3.23)

Vitip1 = Vimnup,1 e® (3.24)

! Typical values according to Galvas (1973) : 0° and 7° for hub and tip respectively
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where both A and B are defined as:

_dl,

A== @crert o) (3.25)
_dl+dl dll) (dlo + dly)? ( dlo)

B - 6 [(2 dlo aC_hub + dlldlo aC,Tef + 2 dll ac’tip (3.26)

dly = Rref,1 + Rhub,l (3.27)

dly = Reip,1 + Rpupa (3.28)

Having calculated inlet velocity in hub, rms and tip positions, the static
conditions are also computed at the three radial positions as:

1

hgiy =hgy — Ev,fl,i,l, i = hub,ref, tip (3.29)
‘P(Ts,i,1)—<P(Tt,i,1) Dsi1

Tsiq = T(hs,i,l)' Psi1 = Pti1 € Rgas y P = (3.30)

Rgas Ts,i,l

where i represents the inlet hub, rms and tip position while the entropy
function(¢) expressed as:

o(T) = f C”;T) dT (3.31)
Thus, the mass flow is calculated as:

=21 {—le Z dl I(z — Z—Z)A + —(dl;ljdﬁl)z B+ (2 —~ Z—E‘l’) Cl} (3.32)

A = p1 pubRrub,1 Vi nub 1 (3.33)

B = pirerRrer1Vimrera (3.34)

C = prtipReip1 Vi, tipa (3.35)

As the mass flow rate is user-defined, an iterative process is carried out
between eq (3.23) and (3.35) for predicting the impeller inlet velocity at hub
position until the error between the calculated and the given mass flow reaches a
tollerance value.
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Considering the initial impeller inlet hub meridional velocity, it can be
defined as:

m Pt,l
Vm,hub,l,initial = m »Pt1 = RgasTt,l (3.36)

As for the blade speed (U, ) and the relative velocity(WW; ), they are defined
as:

Uy = W Ryepy = Dyer1 Wy = Vn21,1 + Urzef,1 (3.37)

71' —
60
Then, the total relative conditions in rms station are also calculated,

O(Te17)—0(Ts1)

1
he1r =hs1 + 5 W2 Te1r = T(ht,Lr)' Deir = Dsa € Rgas (3.38)

Impeller inlet just downstream of blade leading edge(1i)

As in both 1 and 1i stations the reference diameter remains constant both
total enthalpy and total relative temperature are expressed as:

herir = hepr = Teair = Tear (3.39)

Although, due to blade existence, the overall pressure loss coefficient in the
impeller inlet rotating frame is calculated by the following equation:

Wintet = Wine + Weontr (3.40)

where w;,. is the impeller inlet incidence and @.,,¢» is the contraction losses.
Both loss coefficients are presented in the section 3.4.3.

Having established the overall pressure loss coefficient, the relative pressure
after impeller inlet is defined as:

Ptrii = Ptra — Dintet Pera — ps,l) (3.41)

Impeller outlet(3)

In impeller outlet station both total relative enthalpy and temperature are
expressed as:

U2 — U2

1
ht,3,r = ht,li,r + > - Tt,3,r = T(ht,3,r) (3.42)

Guessing then an initial impeller outlet meridional velocity (V,,3), the
circumferential velocity in impeller outlet is calculated:

Viz = Vuzia 0 (3.43)
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where V,, 3 ;4 is the ideal circumferential velocity in impeller outlet,

Visia = Us — Vi3 tan(Bp3) (3.44)

and o is the slip factor based on the formula presented by Aungier (2000), which
is basicaly a revised Wiesner (1967) slip-factor formula,

o=1- ’sin(ﬁblz) sin(X3) / Z%] (3.45)

o — sin(19° + 0.2 5, )

BLUM = T in(19° + 0.2 By ) (3.46)
Dref,l
(0} e < eLIM
G = B2 (3.48)

€ — eLim\Vv1o
ol|l- (—)
L 1—eum

With the circumferential velocity in impeller outlet being defined the rest of
the velocity components are calculated. Then, the relative total pressure can be
computed,

e > €LIM

Ptr3 = DPer3jis — Gimp (pt,r,l,i - ps,l,i) fc (3'49)

as a function of the correction factor f,,

Pt3,

fe= Petr3Ters/ Pera Tern = —=r (3.50)
Ptar

and the overall impeller loss coefficient ( @;p,,),

Wimp = Wp + Wsp+ Wps+ Wpix + W¢ (3.51)

where wg; is blade loading loss coefficient W is the skin friction loss coefficient
Wys is the hub to shroud loss coefficient @,,;, is the mixing loss coefficient and
. is the clearance loss coefficient. All the loss coefficients are presented in the
section 3.4.4, while the ideal relative total pressure is based on isentropic
compression:

¢(Tt,3,r13;a(»z(Tt,1,T) (3.52)

Pe3ris = Ptir €

Then the outlet total pressure is expressed as:
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O(Te3)—0(Te3,r)
_ R
Pt3 = Pt3r € gas

(3.53)

Then, utilizing the entropy function, the outlet static conditions are computed.
Calculating then the density in outlet position, the mass flow is defined as:

m = p3A3Vim;3 (3.54)
where, outlet are (A3) is:
A3 =T D3 b3 - ZFB b3 tb,3 COS(’BDB) (355)

Given that, the mass flow is user-defined, an iterative process is carried out
between eq (3.44) and (3.55) for predicting the impeller outlet meridional
velocity until the error between the calculated and the given mass flow reaches a
tollerance value.

Considering the initial impeller outlet meridional velocity, it can be defined
as:

m P 3

V. iy = ————— = .
m,3,initial Pt,3A3 Pt;3 RgasTt 5 (3 56)

where both the total temperature and pressure are approximated with the
following equation:

1.4

09 (T, —T 0.4
U3, Pis = Pt,l( (Tes = Tea) + 1> (3.57)

1
Tt,3 = Tt,1 + Tt,l

21005

Vaneless diffuser outlet (4)

For calculating the outlet vaneless diffuser conditions, the calculation
procedure, presented by Galvas (1973), is followed. Differential equations
relating Mach number, flow angle and total temperature to radius ratio through
the fundamental relations of continuity, equilibrium, heat transfer and fluid state
for adiabatic flow in a geometrically constant depth radial passage are solved,
isz 2 ( 1+ )/2—1 M? ) [ { 1 dB sec(a)? (3.58)

M? 4R M2 sec(a)?

B cos(a) Eﬁ R
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1 dtan(a)

tan(a) dR
sec(a)? 5 {
M2 — sec(a)? { [1+ @ =DM B cos(a) (3.59)
1dB Mz}
Bdr R
where,
R3
¢ = Cf,vnless B (3.60)
3
R= R 3.61
B = b 3.62

where the required Reynolds number and hydraulic diameter are computed as
follow:
4m

Re = 3.63
vntess n D hyd,vnless .us,3 ( )

D =
hyd,vnless T 2 2

4 (ﬂ + ﬁ) (3.64)
while vaneless diffuser friction coefficient is calculated based on eq. (3.92)-
(3.99).

Having computed both outlet absolute Mach number and flow angle and
knowing that inlet total temperature is equal to outlet one, both meridional and
circumferential velocities are calculated. Concerning the total pressure loss in
the vaneless space, it is computed from the following equation:

Ryz Ll
i -1 +ny,vnless&f1 N d Pt RdR
Pra cos(az) bs M, (i) (ﬁ) (3.65)
Pt,3 at 3 pt 3

where a is the local acoustic velocity in the corresponding radial position.

Vaned diffuser outlet (5)

As vaned diffuser is a stationary component then:

hes = heq = Tis = Tey (3.66)
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Guessing then an absolute velocity (Vs):

1
hgs = hys — EVSZ - T = T(hs,s) (3.67)

Also, both meridional and circumferential velocity components are
calculated, assuming that the deviation angle is zero:

Vm‘s = V5 COS(ﬁU‘S) ,Vu’s = VS Sin(ﬁv’s) (368)

Concerning outlet total pressure, it is defined as:

Pts = Pea — (a_)inc,vnd + a‘S‘F,vnd)(pt,zl - psA») (3.69)

where both incidence(®;,cnq) and skin friction(@sr ,nq) loss coefficients are
presented in the section 3.4.5.

Having computed the total pressure in vaned diffuser outlet station, then
both outlet static conditions and density are also calculated, using the entropy
function . Finally, the mass flow calculation is following:

m = psAsVis (3.70)
where outlet area (As) is expressed as:
A5 =T D5 b5 —Zy b5 tb,5 COS(ﬁV,S) (371)

Then, an iterative process is carried out between eq (3.67) and (3.71) for
predicting the outlet absolute velocity until the error between the calculated and
the given mass flow reaches a tollerance value.

Considering the initial outlet velocity, it can be defined as:

m
Vs initial = pihs (3.72)

Volute outlet (6)

As volute is a stationary component then:
hee = hes = Teeg = Tis (3.73)

Guessing then an absolute velocity (Vy):
12
hse = hee — EVE’ = lse = T(hs,e) (3.74)

Also, both meridional and circumferential velocity components are
calculated, assuming that the outlet flow angle is zero. Concerning outlet total
pressure, it is calculated as follows:
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Pte = Pts5 — (am,vol + 5S‘F,vol)(pt,s - ps,S) (3'75)

where both meridional velocity (@) and skin friction( @spy0;) loss
coefficients are presented in the subsection 3.4.6.

Having computed the total pressure in outlet station, then both outlet static
conditions and density are also calculated, using the entropy function . Finally,
the mass flow calculation is following:

g =0->Vs=Vne>m= psAsVme (3.76)
where the outlet area (Ag) is defined as [Ceyrowsky et al 2018]:
Ag = ARD¢ D = mR2,, (3.77)

Then, an iterative process is carried out between eq (3.67) - (3.76) for
predicting the impeller outlet velocity until the error between the calculated and
the given mass flow reaches a tollerance value.

Considering the initial outlet velocity, it can be defined as:

m
Ve initial = —— (3.78)
PsAe

3.4.3 Impeller inletloss coefficients

The total impeller inlet loss model, described in this section consists of both
impeller inlet incidence and contraction losses. Concerning the impeller
incidence losses calculation, two approaches are followed, the one described by
Aungier (2000), and the one given by Galvas (1973). The Aungier approach is
the following:

2
Bine = 0.8 [1=Viny / (W Cos(B, )| + 11— B2 (3.79)
Wy1
W, C =
y Cos(Bp1) Tan(6ys) (3.80)
The Galvas (1973) approach is the following:
2
B = 0.8 [1 V. / (W1 COS(ﬁopt))] (3.81)
Bopt = Bp1 te (3.82)

1 — B,) tan
e = atan ( 1) (:Bblade,l) (3.83)

1+ B tan(ﬁbzade,l)z

where B; is the impeller inlet blockage factor.
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The contraction losses are considered to be the results of the flow passage
area reduction due to the inducer blade thickness and they are estimated by the
following equation as presented in [Goudas 2019],

Athaxial 2
Weontr = (1 - A ) (3-84)
1
Diip1 Dhupa
Athaxiat = A1 — ty1 Cos(By1) (—— — =) Zup (3.85)

2 2

where Ay gxiqr IS the impeller axial throat area.

3.4.4 Impeller loss coefficients

The loss coefficients correspond to impeller blade loading, skin friction, hub
to shroud (tip) loading and wake mixing ones.

For calculating the impeller blade loading losses the following correlation,
quoted by Aungier (2000), is used:

By, = (%)2 / 24 (3.86)

where blade velocity difference AW is computed by Aungier (2000) from
irrotational flow relations, assuming the ideal or optimum blade loading style,

D3 U3l - D3 pwrimy

AW =2m - 3.87
Zeff LB,imp Zeff LB,imp m U3 ( )

where Z, s is the effective impeller blade number:

Zesr = Zup + Zup(1 — lesy) (3.88)

while the impeller blade mid-stream length(Lg ;) is defined as[Galvas 1973]:

1— Dref,l
Ly =23 03048 (3.89)
P20 Cos(Bu)

For impeller skin friction losses calculation, the following correlation is
used:

—\ 2
w LB imp
Der = 2 Ky Cg; (—) —0 (3.90)
SF sf “fimp W3 Dhyd,imp
W2= (W2+W2)/2 (3.91)

where Aungier (2000) proposes a value of skin friction parameter K, equal to 2
while Galvas (1973) proposes a value of 5.6 for compact impellers and 7.0 for
impellers with tandem blades.

60



Considering the impeller friction coefficient C¢;y,p, Aungier (2000) pointed

out that it depends on component Reynolds number and wall roughness. For a
Reynolds number below 2000, the flow is laminar, hence the friction coefficient
is expressed as:

Cf = Cﬁ] (392)

In case of Reynolds number between 2000 and 4000, the friction coefficient
is expressed as:

Red )

Ce=Cpy + (Cre — Cpy) (2000 -1 (3.93)

For a Reynolds number higher than 4000 (turbulent flow) the friction
coefficient is equal to turbulent friction coefficient:

Ce = Cge (3.94)

For calculating the laminar and turbulent friction coefficients based on wall
roughness, the following correlations are utilized:

16
Ce = Rey (3.95)
Crois Re, < 60
= Ceor—C
Cf,t Cf,t,s + f.tr 66‘,15,5 Ree > 60 (3.96)
\ 1-re.
where,
e
Re, = (Re —2000) Do (3.97)
y
1 . ( 2.51 )
= —2logyo | —F—= 3.98
N Req /% Cp ey (3.98)
! 21 < ¢ )
= —2logyo (3577 3.99
V5 Cres 19\3.71 Dpyq (3.99)

For impeller hydraulic diameter calculation ( Dy,q ), Boyce (2003)
correlation is used and is expressed as:

T
2 COS(Bb.l) (thip,l - Di%ub,l )

T COS( ﬁb,l ) (Dtip,l + Dhub,l) + 2 Zeff (Dtip,l - Dhub,l) (3_100)
7t D3 b3 Cos(Bp,3)

Vs D3 COS(ﬁb’?)) + Zeff b3

D hyd,imp =

Concerning the impeller hub to shroud loading loss coefficient, it is
calculated through the following correlations, described by Aungier (2000):
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W=W,+W,)/2 (3.101)

Dref,l - Dhub,l

X1 = (Xtip,l — Xhub,1 ) + Xnhub (3.102)

Dtip,l - Dhub,l

Km =Xz +X1)/Lg (3.103)
b, = (Dtip,1 _2Dhub,1) (3.104)
b= (by+by)/2 (3.105)
wys = (K, bW /] W )% /6 (3.106)

where X represents the streamline slope in each station.
For the wake mixing loss coefficient calculation, the formula presented by
Aungier (2000) is used:

Winix = [(Vm,wake - Vm,mix) / W1 ]2 (3.107)

The velocity, at which separation takes place, is estimated by the following
equation:

Wi y Deg =2 (3.108)
WSEP -
WsDey/ 2 ,  Deg>2
where,
(W, + Wy +AW)
D,, = 1
eq W, (3.109)

The meridional velocities before and after mixing are estimated by the
following correlations:

’ 3.110
Vm,wake = M{S%?P - WUZ3 ( )

Aj (3.111)

Vm,mix = Vm3m
393

For the impeller clearance losses calculation due to blade to blade pressure
difference and clearance leakage, the following equation, described by Aungier
(2000) is used.

(3.112)

where the parameters used for calculating clearance losses, are computed as
follows:
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mg = ps3 Zeff sLUg (3.113)

A (3.114)
U, = 0816 |2-E¢
P3
0.5D3V,;3—=0.5D v
Apd - 10 3 Yu3 ref,1 Yul (3.115)

VA 025 (D3 + Dref,l) Lmer,imp

For calculating the impeller mean stream meridional length(Lyer imp)

calculation, it is assumed that the impeller meridional curvature corresponds to
an arc with radius R;.:

Xtip1 — Xhub,1
Xl = P — - (Dref,l - Dhub,l) + Xhub,l (3.116)

Dtip,l Dhub,l

Lo o b; D3 _ Drefa
R _ axial,imp 2 n 2 2 (3.117)
arc —
2 2
T o

Liner,imp = 5 [X1 4+ (90° = X3)]| Rarc (3.118)

3.4.5 Vaned diffuser loss coefficients

Concerning the vaned diffuser overall loss coefficient, it consists of both
vaned diffuser incidence and skin friction loss coefficients. For the vaned diffuser
incidence loss coefficient calculation, the Aungier (2000) impeller incidence loss
coefficient formula is utilized. Although, a proper modification is performed, in
order the incidence loss correlation to be properly integrated to vaned diffuser
component,

Cos(ay) 2

CosBppy) T N

(‘_)inc,vnd = 0.8 ll -

For the vaned diffuser skin friction loss coefficient, it can be defined as
[Aungier 2000]:

_ 2
~ v Lpyna (Dhyd Vnd>0'25

o 7 | | (3.120)

SF,vnd fond <V5> Dhyavna 25
where,
268 L.vna

= 5142 Cp g 2L (3.121)
Dhya,vna Pryawma

Note that, the friction coefficient(Cr ,,4) is calculated based on eq. (3.92)-(3.99),
while the vane rms stream length(Lg,,q) and the vane diffuser hydraulic
diameter are expressed as:
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L _ D5 - D4 2
Bynd — 2 COS(ﬂvA,) + Cos(ﬁv‘s) (3122)
2 (T[D4_ b4 +7TD5 b5 —-Z,t 5 COS(ﬁ ‘5)
Dhya,vna = \/ - s z (3.123)

3.4.6 Volute loss coefficients

The volute loss is based on the calculation of its both meridional velocity
and skin friction loss coefficients.

For the meridional velocity loss coefficient calculation in a volute
component, Aungier (2000) proposed the following equation,

Vms)2

am,vol = ( %
5

(3.124)

The skin friction loss coefficient, presented by Aungier (2000), is expressed
as:

V6)2 Lvor (3.125)

WsFvol = 4 Cf,vol <_

VS D hyd,vol

where both volute hydraulic diameter and average path length are defined as:

Dvol,hyd = W,4A6 /TI_' (3126)

(Dg + Ds)
Lyos = GTS (3.127)

3.4.7 Choke and Stall Indices calculation

The choke-stall indices, described in this section are expressions for
calculating how far away an operating point is from choke and stall. When choke
and stall index are positive and negative respectively, then the compressor
operates stably. The choke indices are calculated at four/six stations along the
compressor, namely impeller inlet, impeller outlet, volute inlet, volute outlet and,
in case of vaned diffuser centrifugal compressor, vaned diffuser inlet and outlet.

Tien; — 1
indexgy; = ———— (3.128)

For the stall index, the calculation takes place at the impeller inlet (1) and
vaned diffuser inlet (5),

indexgq1 = Ig (3.129)
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0.39 — (K + K;)

indexgqs = 039 (3.130)
where,
D W,
(ﬂ — 1) “2 2 Cot(90° — Byz) |, Deg > 2
Iy =3\ 2 Vin,3 (3.131)
<0 , Deg <2
D, Cos(ay,) l
K = -1 3.132
2 hen |Cos(ana) ( )
2
M2 Sin Cos
KO — 4 (ﬁv,ét) (ﬁv,4) (3.133)

1— M2 Sin(By4)°

3.4.8 Centrifugal compressor performance map generation

For generating the performance map of a CC component , the user has to
define both the desired design and off-design speeds (e.g 50%, 60%, 110%, etc.).
In map generation mode, the mass flow is not required as input, as the meanline
model automatically predicts and defines the mass flow range(stall, choke) for
each speed and then calculates the CC pressure ratio and efficiency for all points
along the characteristic speed-line between stall and choke. Concerning the stall
and choke point estimation, the process, followed in the current analysis, is
based on the one presented by Kolias et al. (2021). Specifically, a secant method
is used to establish numerically the compressor stall and choking mass flow rates
for each compressor speed. In each speed, the secant method updates the
compressor inflow, until both stall and choke minimum indices are zeroed.

3.4.9 Centrifugal compressor meanline analysis verification

The comparison between the predictions of the vaneless and the vaned
diffuser CML and the corresponding measured data are depicted in Figure 3-7
and Figure 3-8, for specific commercial centrifugal compressors, for which
geometry and measured data are provided by a T/C manufacturer!. Also, both 1D
compressor geometries are given in Table 3-2 and Table 3-3.

! www.turbomed.gr
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Table 3-2: Vaneless Diffuser Centrifugal Compressor geometry.

Dipub 0.029 [m] b 0.016 [m]
D1ip 0.085 [m] by 0.016 [m]

D, 0.137 [m] Zwe 8]

D, 0.16 [m] Zes 16 [-]

Bos 52.25° La 0.036 [m]
Bos 36.5° ARyl 0.23[-]

t 0.0021 [m] Nes 60000 [Rpm]
ts 0.0017 [m] cl 0.00035

leqp 0.3[-]

Table 3-3: Vaned Diffuser Centrifugal Compressor geometry.

D pub 0.040 [m] ty 0.0007 [m]
Dysip 0.118 [m] ts 0.011 [m]
Ds 0.176 [m] bs 0.0084 [m]
D, 0.202 [m] by 0.0082 [m]
Ds 0.545 [m] bs 0.0082 [m]
Bb,l 500 ZMB 8 [']

Pos 25° Zrg 16 []

Bua 68° La 0.051 [m]
Pvs 60° Zy 18

ty 0.0016 [m] ARy 0.26 []

ts 0.0009 [m] Nees 55000 [Rpm]
lespi 0.3[] cl 0.00035
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Figure 3-7: Vaneless CML validation against measured data: (a): Pressure ratio (b) Efficiency
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Figure 3-8: Vaned CML validation against measured data: (a): Pressure ratio (b) Efficiency
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The centrifugal compressor meanline model, developed in this thesis, shows
acceptable agreement with the measured data, with similar or better behavior
compared to other published works [Stuart et al. 2017,2018].

3.5 Radial Turbine Meanline model

The RT meanline (Radial-TML) model conducts a mean-line (1D) analysis to
establish the off-design performance of a radial turbine of known geometry. The
RT model comprises models for estimating the performance of volutes, vaned
nozzles, vaneless nozzles, and impellers. Depending on the user-defined RT
configuration, the vaned nozzle and/or volute sub-models can be turned on or
off.

Exit flow and performance conditions in each individual component sub-
model, shown in Figure 3-9 (impeller, vaneless nozzle, etc.) are calculated,
considering the corresponding loss models, and then are used as inputs in the
next downstream component. At the end of the radial turbine calculation, overall
performance of the turbine is established and is expressed in the form of
isentropic and polytropic efficiencies, flow coefficient, work coefficient, etc.

Regarding the RT stations for the mean-line calculation (Figure 3-10),
station 1 corresponds to the volute inlet, 2 to the vaned nozzle inlet, 3 to the
vaneless nozzle inlet, 4 to the impeller inlet, 5 to the impeller outlet just
upstream of blade trailing edge, and 6 to the impeller outlet.

N
- ,1 ﬁ— volute
>/

——
-:L vaned nozzle
\ ‘ vaneless nozzle

‘ impeller

Figure 3-9: Radial Turbine components.[Aungier 2005]
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2
3
44—
B
|
|
R s
I
Imipelber
5

Figure 3-10: Radial turbine stations. [Wasserbauer and Glassman 1975, Aungier 2005]

3.5.1 Meanline analysis input data

The RT meanline analysis is conducted within the PROOSIS environment,
depicted in Figure 3-11, with input data as presented in Table 3-4. Concerning
the geometrical parameters that are included in input data, their graphic
representation is shown in Figure 3-12. Typical T/C radial turbine impeller,
vaned nozzle and volute are illustrated in Figure 3-13.

Gen
TML_TUR.Nasa_Radial_Inflow_Turbine_4_59Inch -RT =[O %
Type: [TML_TUR Radil 1DTurbine | 5]
Name: IRT ¥ show Label
" L& Allnstances Name RT Urits Description |
- Configuration  ||p> 0.015850 m vaned nozzle inlet width
&0 General t2 0.0005 m inlet vane thickness
Valute I D3 0.13 d nozzl tet di e
D Vaned Diffu 1 . m VNd Nozzleé outiet diameter
L @@ mpeler b3 0.014 m vnd nozzle outlet width
t3 0.0005 m outlet vane thickness J
b2MFb 55 deg inlet vane angle
b3MFb 72 deg outlet vane angle
vnd_throat_calc TRUE FALSE -> vnd nozzle throat is given / TRUE -> vnd nozzle throat is calculate:
ov 0.01 m vnd nozzle throat d
1| | »
) | i | I = IAII Columns x| Close |

Figure 3-11: RT meanline analysis schematic and input data in PROOSIS environment.
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Table 3-4: RT meanline analysis input data..

Duws  Impeller hub outlet diameter t3 Vnd nozzle outlet blade thickness
Dips  Impeller tip outlet diameter t, Vnd nozzle inlet blade thickness
Dy Impeller inlet diameter bs Impeller inlet blade height

D, Vnless Nozzle inlet diameter bs Vnless nozzle inlet channel width
D, Vnd Nozzle inlet diameter b, Vnd nozzle inlet channel width
Bos Impeller outlet blade angle Zvs Impeller main blades number

Boa Impeller inlet blade angle Zrg Impeller full blades number

Bv.s Vnd nozzle outlet vane angle La Impeller axial length

Bv.2 Vnd nozzle inlet vane angle Zy Vnd nozzle vanes number

ts Impeller outlet blade thickness ARy Volute aspect ratio

ts Impeller inlet blade thickness Nmech RT speed

legy Splitter blades dimensionless position Py, Inlet total pressure

Fluid  Working fluid (Air) Tein Inlet total temperature

m CC mass flow e Wall roughness

cl Impeller clearance

Figure 3-12: RT geometrical parameters.
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(©
Figure 3-13: T/C radial turbine!: (@) impeller (b) vaned nozzle (c) volute

3.5.2 Meanline analysis

To conduct the meanline analysis, the reference radius is placed at the RMS
position, where the turbine inlet area is divided into two equal areas.

Volute inlet(1)

According to the Aungier (2005) volute model, the passage area and the
mean radius are specified at station 1, where the flow is inside the volute, but has
not yet started to exit the volute. These parameters are also specified at station
2i, where half of the flow has exited from the volute passage. Hence the analysis
is not restricted to a classical volute configuration. For example, a constant area
plenum where the passage mean radius and area at stations 1 and 2i are
identical can be accommodated. Station 2 is the annular passage at the volute
exit, where the radius and the hub-to-shroud passage width, are specified.

First the inlet volute area is calculated based on the user-defined aspect
ratio. Then, as inlet flow is axial, the meridional velocity and the static conditions
are computed using the continuity equation, as both the mass flow and the inlet
total conditions have been defined:

! www.turbomed.gr
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[Vl' Vm,lf Ps,lr Tt,l] = fla; = 0,41, m, Tt,1; Pt,1] (3.134)
where the outlet area (A;) is defined as [Ceyrowsky et al 2018]:

Al == AR Dl D2 =T Rsol (3.135)

Figure 3-14: Radial turbine volute.

Volute mid station(2i)

Assuming no losses(Y,,; = 0) and that half of the inlet mass flows across
station 2i [Aungier (2005)], the flow conditions at station 2i are calculated as
follows:

Y01=0
heai = he1  Teai = Tep — Peoi = Py (3.136)

Then, the meridional velocity and the static conditions are computed using
continuity equation as:

[VZi: Vm,Zi'Ps,ZilTs,Zi] = flazi, Azi My, Te 24y Pr2il (3.137)

where the flow angle at station 2i is, in turn, calculated as:

(3.138)
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Volute outlet(2)

The angular momentum at the volute exit is estimated from conservation of
angular momentum based on the flow data at station 2i. A mass balance using
the inlet mass flow and this assigned tangential velocity component supplies the
other flow conditions at station 2. However, the losses and the corresponding
total thermodynamic conditions at station 2 must also be determined, so an
iterative process is required[Aungier 2005]. Thus,

heo =hey = Tep =Tea (3.139)
and
D,
Vi = Vu,ziﬁ (3.140)
2

Then, guessing an initial meridional velocity (V,,,) in volute outlet the
volute mass flow is predicted as follows:

V, = /Vu%z +V2, (3.141)

1
hsp = hey — EVZZ = Ts2=T(hs>) (3.142)

About the outlet total and static pressures, they are both calculated based on
the following equation.

@(Ts2)=0(Tt,2)
Pt2 = Pta — Yvol(pt,z - Ps,z) \Dsz = Pr2e 99 (3.143)
where Y,,,;is the overall volute loss coefficient, presented in section 3.5.3.
Having established all the required static conditions, the outlet density (p2)
is predicted, allowing the outlet mass flow calculation,

Til == pzAsz'Z (3.14’4)

Given that the outlet mass flow is user-defined, an iterative process is
carried out between eq. (3.141) and (3.144), for predicting the outlet meridional
velocity until the error between the calculated and the given mass flow reaches a
tollerance value.

Considering the initial outlet meridional velocity, it is calculated as:

m

m (3.145)
L

Vm,z,initial =
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Vaned nozzle outlet(3)

Having computed both the total and static conditions in vaned nozzle inlet
via volute outlet analysis, both total enthalpy and temperature are defined as:

hez =hey =2 Tez =Tep (3.146)

Similar to the axial turbine nozzle (stator) blades, the outlet flow angle
depends on both blade angle and throat. Wasserbauer and Glassman (1975)
proposes that the impeller deviation angle during the un-choked operation is
equal to zero, while Aungier (2005) suggests that it depends on the impeller
geometrical parameters. Specifically, according to Wasserbauer and Glassman
(1975), the outlet flow angle (a3) is expressed as:

az = Py, (3.147)

while, according to Aungier (2005) and based on Figure 3-15 as:

T
tan(ag) — _3tan(aos) (3148)
Tth
where,
. bey 0
sin(a,s) = sab, (3.149)
[ﬂ _ M3 (r3 = 12) _ (m3 —m,) (3 —1y) (3.150)
dml;  m, (m3 —my) m; ms .
nD
o = cos(Bys) (Z - t3 COS(ﬁb,z)) (3.151)
vanes
_ [dr 0’ 3.152
rth_r?) dm3253 (' )
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Figure 3-15: Vaned nozzle Row Geometry (Aungier 2005).

Then, guessing an initial outlet meridional velocity (V;,3), both the vaned
nozzle outlet velocity(V3) and static enthalpy(hy3) are predicted as follows:

V3 = Vi3 c0sas (3.153)
1 2
hss = hes =5 V3, Toz = T(hss) (3.154)

Concerning the outlet total and static pressures, they calculated based on the
following equation:

@(Ts,3)=¢(Te,3)
1
Pt3 = PRyng Pt2 Ps3 = Pe3€ Rgas (3.155)

where PR, 4is the vaned nozzle pressure ratio, presented in section 3.5.4.

Having established all the required static conditions, the outlet density (p3)
is computed, allowing the outlet mass flow calculation to be performed as
follows,

Th == p3A3Vm‘3 (3156)
where the outlet area(Aj) is expressed as:
A3 =T D3 b3 - ZU b3 tb'3 COS(ﬁv’3) (3157)

Then, an iterative process is carried out between eq. (3.153) and (3.156), for
predicting the outlet meridional velocity until the error between the calculated
and the given mass flow reaches a tollerance value.
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Considering the initial outlet meridional velocity, it can be defined as:

m
Vomi iy g = ———— .
m,3,initial p2A3 (3 158)

Vaneless nozzle outlet (4)

For calculating the outlet flow conditions, it is assumed that there are no
losses in this component(the losses in reality tend to be close to zero [Aungier
2005]). Thus, the outlet flow conditions are calculated using continuity equation
as follows:

[V4; Vina @4, Tsa, Ps,4] = f[Viar Aay 1, Tt 4, Pral (3.159)

where vaneless nozzle outlet area(4,) and the circumferential velocity (V,, ,) are
defined as:

A4 = T[D4b4 (3.160)
V5D

Vg === (3.161)
4

Impeller inlet(4)

Having computed the impeller inlet static conditions via vaneless nozzle
outlet analysis, the relative ones are calculated as,

1
hear =hsy + EWZ = Tear = T(hear) (3.162)

and

O(Ttar)—9(Tsa)

1
Pt ar = DPsa€ Rgas (3.163)
where the relative velocity (W, ) is expressed as:
W, = J V2 + (Vs — U,)° (3.164)

Impeller outlet just upstream of blade trailing edge (5)

In impeller outlet station both total relative enthalpy and temperature are
expressed as:
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2 2
U5_

Ui
hisr = hear + Y - Tysr = T(hesy) (3.165)

Similarly to the vaned nozzle, the outlet relative flow angle depends on both
blade angle and throat. Thus, according to Wasserbauer and Glassman (1975),
the outlet flow angle (fs) is expressed as:

Bs = Bb,s (3.166)

while, according to Aungier (2005) as:
~—tan ay; (3.167)

Both the discharge flow (a,s) and the throat radius (R;;) are expressed as:

bnOimp (3.168)
S5 (Rtip,S — Rpup,s)

sina,g =

2 . —_—
Riips + Rhuns  Oimp SIN @5
2 2 St

Ry = (3.169)

where (s5) and (¢5) are the pitch angle and the streamline slope in station 5,
respectively, while both throat width (0;,,) and blade height at throat

position(by;,) are expressed as:

D 3.170
Otmp = <7r Zref’s — ts cOS ,Bb_5> cos(Bps) ( )
eff
b,— (Rii,c +R
ben = [B2 = (Ruips + R )| (Ren = Rress) + (Reips + Riuns) (3.171)

R4 - Rref,S

Guessing then an initial impeller outlet meridional velocity (V,,s) and
considering that the outlet blade velocity is calculated as:

Nmech

2R D s (3.172)

U5=7T

both the relative and absolute velocity components are calculated as:

W5 = Vm'5 cos ﬁ5 ,Wu'5 = Vm’s tanﬁ5 (3173)

Ve = \/Vrfw +(Us + W) (3.174)
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Next, the static enthalpy and temperature are predicted as:

1
hss = hy s,y — §W52 = Tss = T(hgs) (3.175)
1 3.176
hes = hss =5 VE = Tos = T(hes) (5:176)
Then, the relative total pressure can be computed as follows:
v
( 2 Limp v-1
y—1 W4
= 1= . (3.177)
pt,r,s pt,S,r,ls Y +1 _ y — 1 VV42
)

where L;p,, is the overall kinetic energy loss coefficient. All the kinetic energy

loss coefficients are presented in the section 3.5.5, while the ideal relative total
pressure(p; s rs) is based on isentropic expansion:

@(Te,5,r)=0(Tear)
Ptsris = Ptar€ Rgas (3.178)

Having calculated the relative total pressure, then both the static and total
pressure at station 5 are also predicted as,

@(Te5)—@(Te5,r) 0(Ts5)—@(Te5,r)
Pts = Desr€ 199 D5 =DPpsre e (3.179)

allowing the calculation of the mass flow.

Then, an iterative process is carried out between eq. (3.172) and (3.179), for
predicting the outlet meridional velocity until the error between the calculated
and the given mass flow reaches a tollerance value.

Regarding the initial impeller outlet meridional velocity, it is set as:

m P s

V . s _ ———— ) e
m,5,initial pt,SAS pt,5 RgasTt s (3.180)

where the total enthalpy, temperature and pressure are approximated with the
following equation:

1.36

2

U 1-09 T, —T, 0.36
hes = hey — UZ + =, Tes = T(hes), Pis = Py ( ) Tea ~ Tos +1 (3.181)
2 09T,

and the outlet area is expressed as:
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Dy D D&, s — Df
As = Ag — thSCos(ﬁb_5)< tlzp's - h;b's)zMB,A6 _ nw (3.182)

Impeller outlet (6)

Station 6 compared to 5, has the same total pressure and temperature
contrary to the static conditions. Thus, the outlet flow angle, the outlet velocity
and the static conditions using the continuity equation are calculated as:

[Ve' P, Tt,é] = flae, Ae,m, Ty5, Pt 5] (3.183)

3.5.3 Volute loss coefficients

The volute total loss is calculated based on both the circumferential
distortion(Yy 1) and the skin friction(Y,,,;) loss coefficients. Thus, the volute

total pressure loss coefficient is expressed as:
Yoor = Yo + Yool (3.184)

For the circumferential distortion loss coefficient calculation in volute
component, Aungier (2005) proposes the following equation,

Riv-va)\

Yovo1 = % (3.185)
2

For the skin friction losses calculation inside volute, the following equation,
described by Aungier (2000)

20+ A?
Y,

pvol = (T 29z (3.186)

is used, where volute normalized momentum defect thickness(®) and the
normalized mass defect thickness(A) are defined as follows,

0=1- [1 — ZZ—‘:V’] (3.187)
A=1- [1 - Z% (3.188)

where 6y, is the volute end wall boundary layer momentum thickness, dy, is the
end wall boundary layer displacement thickness and b,, the volute passage
width,
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AN AN L
Ow = Crvol P l(v—l) +2 (—1) + 1] vol (3.189)
2

8;, = 1.2857 6, (3.190)

The volute friction coefficient is calculated according to eq. (3.92)-(3.99).

3.5.4 Vaned nozzle pressure loss

For the vaned nozzle total losses calculation, Meitner and Glassman (1980)
correlations are used,

Y

1—8&p—0Q; \r1

PR = (3.191)
vnd Ql—éwxl—Qg)

where, vaned nozzle kinetic energy loss coefficient é;;, and its parameters E, H,
Q are defined as follows:

e, (me) G ()

cos(a)—t——H(&) _Re_ 02(£)
3 S [ )ref \Reyes S
1,03, 03 3
2 [— e
1.92 2 4.8 6.72
E = > 3 (3.193)
L +& + & + <3
1.6 2.88 4 6.2
1 ,3Q; ,505 903
y-I12 " Te6 * 720 © 78 3194
- 1 2 3 ( . )
= +& + & + &
168 7288 T 24 T 62
V 2
Q = (—> (3.195)
Y + y+1\V,
( Re_oz) = 0.03734 (3.196)

Concerning, isentropic coefficient(y) is calculated as a function of vaned
nozzle outlet static temperature.

3.5.5 Impeller kinetic energy total loss

The Kkinetic energy total loss Lj,,, consists of the impeller incidence(Lj,.),
the impeller rotor losses(Lg), the clearance losses(L,) and the impeller
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trailing(L;.) losses [Wasserbauer and Glassman 1975]. Thus, the total pressure
loss in the impeller rotating frame is expressed as:

Limp = Linc + Lr +Leg + Lee (3.197)

Concerning the impeller blade incidence kinetic energy losses prediction,
Wasserbauer and Glassman (1975) proposes the following correlation:

1
Line = 5 WE (1= cos(Bya = Boaope))” (3.198)

The exponential parameter n is equal to:

2 ’ ﬁb,4 - ﬁb,4,opt =0
n= (3.199)
3 ’ .BbA - .Bb,4,opt <0

where optimum blade angle(}, 4 0p¢) is expressed as:

1 Wu,4,id

Vin,a

Bb,4,0pt = tan” (3.200)

Concerning the relative ideal circumferential velocity(W, 4;4) calculation,
first the computation of the impeller slip factor has to be carried out.
The impeller slip factor prediction is based on eq. (3.45)-(3.48).

Then, the relative ideal circumferential velocity is defined as:
Wiy a,ia = Vuaia — Us (3.201)
where the absolute ideal circumferential velocity is calculated as:
Viaia = Uso (3.202)

For impeller rotor kinetic energy losses calculation, the following
correlation is used based on Moustapha et al. (2003) loss model,

Lg =Ly + Ly (3.203)

where rotor kinetic losses consist of profile(L,,) and friction kinetic losses(Ly),

1
L, = > K (W2 — W2) (3.204)

) (205

T2 Dpya 2

where parameter K is equal to 0.24 according to Moustapha et al. (2003), friction
coefficient is calculated based on eq. (3.92)-(3.99) and hydraulic diameter is
expressed as:
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COS(,Bb 5) ( Dtlp 5 Df%ub,5 )

7 Cos( By ) (Dtip,S + Dhub,s) + 2 Zegs (Drips = Dhub,s) (3.206)
m Dy by Cos(Bpa)

T D4 COS(ﬁbA,) +7Z b4_

D hyd,imp =

The impeller tip clearance kinetic energy losses are calculated by the
following correlations, described by Dambach et al. (1998) and Moustapha et al.
(2003),

Rtip5
1 — ==
c = R, (3.207)
* Vm,4 b4
Rtip 5 Laxial - b4
Cr=—— 3.208
"~ Ry Vius Ry (Reips — Ruuns) (3.208)
(3.209)

Z
L, = egfn‘* (Kq cly Cq + K, cly Cp + Koy \Jcly clg Cq Cy)

According to Moustapha et al. (2003), K, is equal to 0.4, K, is equal to 0.75
and K, is equal to -0.3. For the Impeller blade trailing edge Kinetic energy losses

calculation in impeller component, the next correlation, presented by Ghosh et al.
(2011)

2 dPp,
Lie = 2 - y
Y M7, w2 (3.210)
PS (1 + 2 hs 5)

is followed, where the parameter dP,, is defined as follows:

dPOr

2
we < Zyp ts cOs Py s ) (3.211)

p
°13.34 \m (Ryips + Rnuns)

3.5.6 Choke Indices calculation

The choke indices, described in this section, are expressions for calculating
how far away operating point is from choke point. When one choke index takes
values positive, then the turbine operates unchoked. The choke indices are
calculated in five stations along turbine, namely impeller inlet, impeller outlet,
vaned nozzle inlet, outlet and volute inlet. All choke indices are integrated as
correlations in impeller and vaned nozzle sub-models.

Mep; — M

index.p,; (3.212)
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3.5.7 Radial turbine performance map generation

For generating the performance map of an RT component, the process
followed is similar to the one followed for CC components. Regarding the
minimum mass flow point, where either the RT efficiency or the pressure ratio
tend to zero or unity, respectively, the secant method establishes it numerically.

For calculating the turbine choked operation, the procedure based on
Wasserbauer and Glassman (1975) work is followed. Specifically, after
calculating the first sub-component(impeller, nozzle, etc.) where the flow is
choked, a new sub-component exit-flow angle is computed from the area
required to pass the choking mass flow rate for higher axial Mach-number values
until the axial Mach-number reaches a unity value or the next to it sub-
component be choked. In case the next to it sub-component is choked this
procedure is repeated.

3.5.8 Radial turbine meanline analysis verification

The comparison between the predictions of the radial TML and the
corresponding measured data is depicted in Figure 3-16. The selected Turbine
geometry and its measured data are provided by Wasserbauer et al. (1966). The
results show that the predicted performance data are in good agreement with
the measured data. The 1D radial turbine geometry is given in Table 3-5. The
results indicate that the chocking line is predicted with good accuracy. Note that
in the validation test case, radial turbine does not include a volute.

Table 3-5: Radial turbine geometry.

Dé hub 0.029 [m] ts 0.0006 [m]
D tip 0.084[m] t, 0.0006 [m]
D, 0.126 [m] ba 0.0146 [m]
Ds 0.130 [m] b 0.0146 [m]
D, 0.545 [m] by 0.0146 [m]
Bo.s 46.8° Zys 6 [-]

Poa 0° Zes 121

Bus 72° La 0.046 [m]
Bv,z 55° Zy 14 [_]

ts 0.00145 [m] ARy -

t, 0.00146[m] Naes 29550 [Rpm]
Iespl 0.6 [']
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Figure 3-16: Radial TML validation against measured data: (a): Pressure ratio (b) Efficiency
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3.6 Axial Turbine Meanline model

As part of the present work, a mean line model for Axial-Flow turbines has
also been developed, aiming to establish the off-design performance of an N-
stage axial turbine of known geometry. The AT mean-line model comprises sub-
models for estimating the performance of both stationary and rotating frame
components, that is, stators (S) and rotors (R).

Exit flow and performance conditions in each individual sub-component
model, shown in Figure 3-17, are predicted considering the corresponding loss
models and then are used as inputs in the next downstream component. At the
end of the AT mean-line calculation, overall performance of the axial turbine is
established and expressed in the form of isentropic and polytropic efficiencies,
flow and work coefficients, etc.

The AT model, comprising stator and rotor performance sub-models,
calculates the outlet flow and performance conditions for a turbine of any
number of use-defined stages. A typical layout of the AT mean-line model is
depicted in Figure 3-17. Regarding the mean-line stations for calculating the
performance of the Nth-stage stator and rotor, station 1S represents the stator
inlet, station 2S the stator outlet, station 1R the rotor inlet, and 2R the rotor

outlet.

Z| Rep

' 2 \ ‘\1 ) Flow Directiol

R'l ub

Figure 3-17: Axial Turbine sub-components.
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3.6.1 Meanline analysis input data

The AT meanline analysis is conducted within the PROOSIS environment,
depicted in Figure 3-18 and Table 3-6. Concerning the geometrical parameters
that are included in input data, their graphic representation is shown in both
Figure 3-17 and Figure 3-19.

o
1
1
1
1
1
L=l
1
I 1
| 1
1 1
I Axigl1DTurbine_1 1
P mmmm g —m =@
TML_TUR.KTH_Test_Turbine_Stage_4h - Axial 1DTurbine_1 =[O x
Type: [TML_TUR. Axial1DTurbine | B |
3 I+ Show Label
Mame | Axial1DTurbine_1 Units: d
; modern [Mbr] FALSE TRUE Modern Turbine, FAI
’ g Clozﬁgurahon rough[Mbr] '\rr’: 0.0000015 m roughness
" Blade il
“ (8 Meridional Casca... | Z[Nbr] 42,69 - cascades number of blade
chord[Mbr] {0.0405,0.0264} m blade chord lenght
t_c[Mbr] {0.19506,0.337121} - blade maximum thickness 1
L] te[Mbr] {0.000253,0.000266} m blade training edge thickne
e[Mbr] 40.155,0.067} m blade camber line radius
— throat[Mbr] 40.0075,0.00751} m blade throat [
d[Mbr] {0,0.0003737} m blade dearance gap
kser 1[Mbr] FALSE TRLUE = radial tip clearanc
0l |t lelbr] 10.002,0.0015} m Radius of LE =
rcy 1| | »
i
2 ) | ""'Ll G | I = IAII Columns | Close
CMT. TR SvA-

Figure 3-18: AT meanline analysis schematic and input data in PROOSIS environment.

Table 3-6: AT meanline analysis input data.

R nunld] Inlet hub radius R nubld] Outlet hub radius
RytiplJ] Inlet tip radius R2iplJ] Outlet tip radius

B.1[J] Inlet blade angle Br20J] Outlet blade angle

tie[J] Leading edge thickness te[J] Trailing edge thickness
clfJ] Clearance Z[J] Number of blades

o[J] Throat width tmax/C[J] Maximum thickness to chord length
c[J] Chord lenght e[J] Blade camber line radius
Type[J] Rotating or stationary Niech AT speed

Fluid Working fluid (Air) Ptin Inlet total pressure

m CC mass flow Ttin Inlet total temperature

cl Impeller clearance e Wall roughness

kser Radial tip clearance or 3 Cascade number

shroud seal
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> _-—Suction surface
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//
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Bo,1 }”/
thickness
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—Blade exit
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Figure 3-19: AT blade parameters.

Typical T/C radial turbine impeller, vaned nozzle and volute are illustrated
in Figure 3-20.

(b)
Figure 3-20: T/C axial turbine!: (a) Stator (b) Rotor

! www.turbomed.gr
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3.6.2 Meanline analysis

Regarding the meanline analysis, the reference radius is placed at mid
position, as depicted in Figure 3-17.

Stator Inlet(1S)

First the inlet stator area is calculated as:
Ay =1 (Rfip1 — Riup,1) (3.213)

Then, the meridional velocity and the static conditions using continuity
equation are computed:

[Vp Vi, Ps 1) Tt,l] = flay, Ay, Tt 1, Pt,1] (3.214)

Stator Outlet(2S)

In the outlet station, both the total enthalpy and temperature are expressed
as:

heo = hey = Teo = T(he2) (3.215)

Guessing then, an initial impeller outlet meridional velocity (V,,, ), first the
absolute velocity in stator outlet is calculated as:

Vo, = Vpacosa, (3.216)

where the outlet flow angle calculation(a,) is described in section 3.6.3. As it
depends on both the blade geometry and the absolute velocity, an internal
iterative process is performed between eq. (3.216) and the ones presented in
section 3.6.3 until the calculated outlet flow reach the one given in eq. (3.216)
with certain tolerance. Regarding the initial outlet flow angle, it is set equal to
outlet blade angle.

Having established the outlet flow angle, the static temperature is calculated
as:

1
hs = hep — EVZZ,TS,Z = T(hs>) (3.217)

while both the total and the static pressure are expressed as:

@(Ts2) =0 (Te,2,r)

T Rgas 3.218
Pr2 =Pra— (P2 = Ps2) Yesa Ps2 = Proe F9% (3.218)
where Y,, is the overall cascade loss coefficient, presented in section 3.6.4. As
the cascade loss coefficient depends on both total and static pressure, an internal
iterative process is carried out between eq. (3.218) and the ones presented in
section 3.6.4. until the calculated outlet total pressure reaches the one given in
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eq. (3.218) with certain tolerance. Regarding the initial total pressure, it is
defined as,

Pt 2,init = Pra (3.219)
Calculating then the density in outlet position, the mass flow is defined as:
m = pyA;Vm; (3.220)

where outlet area (A,) is expressed as:

Ay =1 (R%p, — Rhup,) — teCos(B,,) (R%p 2 — Rhup,)Z (3.221)

Given that, the outlet mass flow is user-defined, an iterative process is
carried out between eq. (3.216) and (3.220), for predicting the outlet meridional
velocity until the error between the calculated and the given mass flow reaches a
tollerance value.

Considering the outlet meridional velocity, it can be defined as:

Vm,z,initial = Vm,l (3.222)

Rotor Inlet(1R)

For calculating both the meridional velocity and the static conditions in
rotor inlet, the procedure, presented in stator inlet, is followed. Then, by
calculating the blade speed,

27N pech
Uy =——25 Rrea (3.223)
the relative total conditions are defined as:
1 @(Tear)~0(Ts1)
ht,l,r = h’S,l + _ley Ttll,r = T(ht,l,r)’ pt,l,r = pS,le Rgas (3-224‘)

2

Where the relative velocity is calculated as follows:

Vi1 =Visin(a), Wy, =V — U, Wy = /Wu%1 + V2, (3.225)
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Rotor OQutlet(2R)

In the outlet station, both the relative total enthalpy and temperature are
expressed as:

1
Ripr = heqr + 5 Uz —UD), Teor = T(heoy) (3.226)
where,
21N h
U, = % ref 2 (3.227)

Guessing then an initial impeller outlet meridional velocity (V,, ), first the
relative velocity in rotor outlet is calculated as:

WZ = Vm'z cos ﬁz (3.228)

where the outlet flow angle calculation process is the same with the one
presented in stator outlet. Regarding the initial outlet flow angle, it is set equal to
outlet blade angle.

Having established the outlet flow angle, the static temperature is calculated
as:

1
hsy = hepp — EWZZ > Ty, = T(hs5) (3.229)

while both the total and static pressure are expressed as:

#(Ts2)=¢(Tear)
Pt2r = Ptar — (pt,z,r - ps_z)chd ,Ds2 = Dtare Rgas (3.230)

Where the overall cascade loss coefficient calculation process is the same with
the one presented in stator outlet. Regarding the initial relative total pressure, it
is defined assuming a cascade loss coefficient of about 7%.
Having established both the outlet static and total relative pressure, then,
the total conditions are also computed,
1 @(Te2)=¢(Tear)
hep = hso + EVZZ'Tt,Z = T(ht,z)'l’t,z = Pt2r€ Rgas (3.231)

where absolute velocity (V) is defined as:

v, = \/V,ﬁ,2 + (W, + U,)° (3.232)

Utilizing both the static temperature and pressure, the outlet density(p,) is
also computed, allowing the mass flow calculation:
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m = pZAZVm,Z (3233)

Then, an iterative process is carried out between eq. (3.228)and (3.234), for
predicting the outlet meridional velocity until the error between the calculated
and the given mass flow reaches a tolerance value.

Considering the initial outlet meridional velocity, it can be defined as:

Vm,z,initial = Vm,l (3.234)

3.6.3 Cascade outlet flow angle

For calculating the outlet flow angle, Ainley and Mathieson (1951) propose a
method which differs for zero and non-zero blade clearance. Regarding the
relative frame parameters such as relative Mach number(M, ;) and outlet flow
angle(f,), in case of analyzing a stationary component(Stator), they corresponds
to the absolute ones. For the case of blades with zero tip clearance, the deviation
angle is expressed as follows:

( (ﬁZ)O.S = ﬁ; - 42 , ]\'47"2 < 0.5 (3 235)
By = 4 2[(B2)1 — (B2osIMrp + 2(B2)os — (B2)1 » 05> M., <1 '
L (B,)1 = —cos™t Ao , My, =1
Aout

where (f,), 5 and (B,); are outlet flow for Mach number under 0.5 and equal to
one, respectively.

The outlet flow angle for relative Mach numbers between 0.5 and 1 can be
computed by assuming linear behavior in terms of Mach number, between the
outlet flow angles corresponding to 0.5 and 1 Mach number, respectively.
Parameter f3; is calculated using Figure 3-21 and the parameters A;, and A,,;
are defined as follows:

o /5 Aout + Ain)
=—(——— 3.236
o= (22 (3.236)
A, = A cosf; (3.237)
Aout = A, cos By (3.238)
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Figure 3-21: 5 parameter [Ainley and Mathieson 1951].
For blades with non-zero tip clearance:
{tam_1 [tan Bo(ci=0) + X%% (tan Bp1 — tan ﬁZ(cz=0)) , M., <05
B, = o= (3.239)
_1 “tn
— cos A M.,=1

where B ((1=0) refers to the outlet flow angle with zero blade clearance. Similar to
the zero clearance calculations, the outlet flow angle for relative Mach numbers
between 0.5 and 1 can be computed by assuming linear behavior in terms of
Mach number, between the outlet flow angles corresponding to 0.5 and 1 Mach
number, respectively. Parameter X is 1.35 for radial tip clearance and 0.7 for
shroud band clearance. The parameters h and A, are calculated as follows:

h = ﬁtl‘p - Ehub (3240)
A (1 Cl)+2 IR Radial ti
Ay = th,(cl=0) h 7_TC tip aaiat tip (3.241)
Atn,ci=0) T 27 cl Reyp , Shroud band

Zhu and Sjolander (2005) propose an alternative outlet flow angle
calculation model, independent of the blade clearance which is defined as:

17 (ﬁSZﬂ)o.os <%;>0.63 COSZ(ﬁSmg) (tnéax)oz‘a

(30 +0.01 B29") tanho2 (;%r)

(3.242)

B2 = Bpz+
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while Aungier (2005) proposes the following outlet flow angle correlation:

B, =90 — 6 — sin™! (g) (3.243)

2<1+(1—9)<ﬁ—g>2> M., <05
s s/\90 ’ nz =

J (3.244)
S(m,,=05) (1 —10x% + 15x* —6x°) , 05< M, >1
1 ;o Mp>1
where,
x=2M,,—1 (3.245)
0
— in—1(_
By = sin (s) (3.246)

3.6.4 Cascade loss coefficient

The overall cascade loss coefficient consists of the profile losses(Y,), the
secondary losses(Yy), the trailing edge(Y;.), and the clearance (Y,;).

Concerning the profile losses calculation, first the design profile losses are
calculated. These losses correspond to zero incidence angle. Then, the off-design
profile losses are computed in terms of the incidence angle. In contrast to this
procedure, Aungier (2005) proposes a direct profile loss correlation, hence
skipping the design profile loss part. According to Ainley and Mathieson (1951),
the design profile losses are defined:

Yp,d,AM = Yl Yz (3.24‘7)

where the loss parameters Y; and Y, are defined as follows:

B’
1= Yoaam(ppa=0) ¥ (a—2> (¥ p.att (B1= ) = Vot (831-0)) (3248)
Bb,1
Y, = (tmax )_ (0-’—2) (3.249)
2 0.2c

where both design profile loss parameters Y, g 4u (g, ,=g,,) A0 Yy 4.am (8,,,=0)

can be computed from Figure 3-22.
Additionally, Dunham and Came (1970) adds two extra profile loss
parameters, the supersonic Mach number correction Crp, and the trailing edge

loss coefficient k,,,. Thus, the Dunham and Came (1970) design profile losses can
be expressed as follows:

Yp,d,DC = Cfm Y, Y3 (3-250)

where Y; is defined as:
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Figure 3-22: Design profile losses calculation: (a): nozzle blades (b) impulse blades.
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[Ainley and Mathieson, 1951]
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Additionally, both Kacker and Okapuu (1982) and Zhu and Sjolander (2005)
modify the Dunham and Came (1970) as follows:

v 0.91 (kin Ypaam-nc kp + Yen) fr*"° + ce ., Re, >2x10°

,d,K0,ZS = 3.252
P { 0.91 (kin Ypaam—pc kp + Ysn) fre + Cte  , Re, =2x10° ( )

where (k;,) is the blade row correction, ( k) is the subsonic Mach number
and flow acceleration, (c;.) is the trailing edge coefficient and (fg.) is the
Reynolds number correction(see section 3.6.5). As for the shock losses (Yy3), in
contrast to the Aungier (2005) methodology, Kacker and Okapuu (1982) and
Zhu and Sjolander (2005) integrate them in the design profile losses. Note that
Ainley and Mathieson (1951) Dunham and Came (1970) do not include shock
losses in their loss models.

Concerning the off-design profile losses(Y,,sr), they consist of both
incidence angle and design profile losses, according to Ainley and Mathieson
(1951). Thus, knowing both parameters, it is computed using the following
equation,

Yoors = Corr Ypa Mee (3.253)

where profile losses off-design coefficient and trailing edge multiplier are
calculated according to Figure 3-23 and Figure 3-24, respectively.

TN /
N /

Corr
[ #3)
""-..____-.

-5 -4 -3 -2 -1 0 1 2
ifi stall
Figure 3-23: Profile losses off-design coefficient calculation.[Ainley and Mathieson, 1951]
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In Figure 3-23, i refers to incidence angle and iy, reference to stall incidence
angle. The stall incidence is defined as:

Istau = tstau(s/c = 0.75) + Aigay (3.254)
where the above parameters can be computed using the Figure 3-25.

In contrast to the previous off-design profile losses, Moustapha et al. (1990) do
not calculate them directly from design profile losses but connect design and off-
design profile kinetic energy loss coefficients with incidence angle and then
calculate the corresponding pressure loss coefficient. Specifically, they propose
the following steps:

In the first step, the profile kinetic energy loss coefficient are calculated as
follows:

A 2_{C1x+C2x2+C3x3+C4x6 , 0<x<800

v Cs x + Cg x2 , —800<x<0 (3:255)

where loss coefficient parameters C1, C2, C3, Cs, Cs, Co values are shown in Table
3-7, while parameter x is defined as:

—L -2
x = (tﬁ) " (Cosﬁ"'l) i (3.256)

s cos fiy, -

Next the parameter (4 gof,,des) is calculated based on the following equation,

¥
i |
1-L—=m2,(——-1 -1
Y. [ 2 2 A(pzzo,des

p.des = =

1 - (1+ )

(3.257)
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outlet flow deviation [Ainley and Mathieson, 1951]
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Table 3-7: Profile kinetic eneriy loss parameters. |M0ustapha etal. 1990|

C; 0.778 - 107° Cy 2.054- 10719
C, 0.56- 1077 Cs —5.1734- 107°
C3 0.4- 1071 Ce 7.6902 -107°

Then, the parameter (A (pg,o ff) is expressed as:

A(pzz;,off = A(pz,des - A(pl% (3.258)

Having established the parameter A(pzz,‘off and using the eq. (3.257) the oft-
design profile losses V), , ¢ are calculated.

Benner et al. (1997) follow the same process with Moustapha et al. (1990),
changing only the (4¢2) parameter, which is expressed as:

K x>+ K, x x<0

A 2={
0 = ULy x4 Ly x7 + Ly xS+ Lo + Lo x* +Lox®+ L, x2 +Lgx x>0

(3.259)

where K and L constants are shown in where We is the wedge angle at leading
edge.

Table 3-8 and parameter x is defined as,

t, .\ —0.05 -14
x:(ﬁ) W02 (Cosﬁbﬂ) i (3.260)

s cos fBp2

where W, is the wedge angle at leading edge.

Table 3-8: Profile kinetic enerii loss iarameters ‘Benner etal. 1997 ‘

K, 1.358-107* K, —8.72-107*
L, 3.711-1077 L, —5.318- 107°
Ly 1.106 - 1075 L, 9.017-107°
Ls —1.542- 107* Le —2.506-107%
L, 1.327-1073 Lg —6.149-107°

Aungier (2005) provides a modified Ainley and Mathieson (1951) profile
loss model, consisting both the design and the off-design parts, as follows:

Yp,AU = Kinoa Coff,AM kMkpre (yp,d,AM - AYte) (3.261)

where Y), g 4y is the Ainley and Mathieson (1951) design profile losses. The
parameter K,,,4 adjusts the loss model to account for the higher performance of

modern designs. It is suggested a value of 1.0 and 0.67 for modern and older
designs, respectively. The profile loss off-design coefficient C,¢f 4yis the one

presented by Ainley and Mathieson (1951) and can be calculated based on
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Figure 3-23. AY;, represents the trailing edge loss coefficient computed by the
present trailing edge loss model for (t./s = 0.02). The reason is that the Ainley
and Mathieson (1951) design profile loss model includes the trailing edge loss
specifically assuming that (t./s = 0.02).

Concerning the trailing edge losses(Y;.), Ainley and Mathieson (1951)
impose a multiplier in the off-design profile loss coefficient. This multiplier is
also used by Dunham and Came (1970) model. Kacker and Okapuu (1982)
impose a trailing edge loss coefficient in the overall design profile losses as a
correction parameter. This approach is also followed by Zhu and Sjolander
(2005). Finally, Aungier (2005) proposes an independent and stand-alone
trailing edge loss coefficient,

2
t
Yieav = <—e> (3.262)

ssinf, — t,

For calculating the cascade shock losses(Yy,), both Kacker and Okapuu
(1982) and Zhu and Sjolander (2005) impose shock losses into the profile loss
calculation as a correction parameter, while Aungier (2005) as individual stand-
alone cascade loss. As for both the Ainley and Mathieson (1951) and the Dunham
and Came (1970) models, shock losses are not included in the analysis. For
Kacker and Okapuu (1982) and Zhu and Sjolander (2005) models, the shock
losses can be defined as,

Y — 1 2 \r—1
Rhub1 + Rhup,2 (A_P> Ps1 1= (1 T3 Mm)

Voo = 3.263
ShKO Riip1 + Reip2 \@1 r ( )

hub Ps2 -1 71
1- (1 I S ; ME,Z)

The shock losses developed near the blade hub (:l) can then be
17 hub

expressed as,

Ap 1.75
(-) = 0.75(MZ 1 — 0.4) (3.264)
917 hub

where the relative Mach number at Hub position (M?,,;,) can be computed
using the Figure 3-26. Aungier (2005) on the other hand, insists that the Kacker
and Okapuu (1982) shock model requires some modifications. Thus, the
modified shock losses are expressed as:

(3.265)

The preliminary estimation of the shock loss coefficient (¥;,) is computed by

Y., = 0.8 X% + X2 (3.266)
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where parameters X; and X, can be computed as:

, M., <04

0
%= {Mm -04 , M,;>04 (3.267)
0 ’ Mr,l =< Mr,z
Xo= M oy s, (3.268)
M,, : :
22|- ROTORS
201
z
X 18
L3
= 16
)
:‘T’_:_ 14k NOZZLES
=
1.2}
10—J\ 1 | 1 1 1
5 6 _? _a _9 10

Ry /Rr- HUB/TIP RADIUS RATIO

Figure 3-26: Inlet Mach number ratio for non-free-vortex turbine blades.
(Kacker and Okapuu 1982)

When the flow at the discharge of a blade row is over-expanded to
supersonic Mach numbers, shock waves form to produce additional losses,
commonly referred to as supersonic expansion losses(Y,,) or supersonic drag
losses. Dunham and Came (1970) suggest a model for this loss contribution,
imposed as a multiplier on the Ainley and Mathieson (1951) design profile loss
coefficient, described in section 3.6.1. They note that their model is a rather
arbitrary correction factor based on very limited information. Aungier (2005)
proposes a loss system where the supersonic expansion loss is independent and
stand-alone loss coefficient.

0 , M, <1
exAU - l(Mrz - 1) (3'269)

Regarding the calculation of the cascade secondary losses (Y;), Ainley and
Mathieson (1951) propose the following correlation:
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YS,AM = A Zipqq Mte (3.270)

It is important to note that the secondary losses include the blade trailing
edge losses. The parameter A can be calculated from the Figure 3-27, and the
blade load coefficient can be expressed as:

(G 2 (cos?PB,
Zload_(s/_c) (COSZE> (3271)

0.03

0.025 /

0.02 /
< 0.015 /

0.01 7
————-—"'—/

0.005
0
0 0.1 0.2 0.3 0.4 0.5
(Agut/Ain)*/(1 + Rpup/Reip)
Figure 3-27: Parameter A calculation.
(Ainley and Mathieson 1951)
where,
Ajy, = A cos By (3.272)
Aoyt = Ay cos B, (3.273)
S —
C, =2 (E) (tanB; —tanB,) cosf (3.274)

Additionally, Dunham and Came (1970) provide a revised secondary loss
correlation based on the above approach, which can be defined as:

0.0334 cos f3,

5,DC = T load fre Mte (3.275)

cos [,

where AR is the aspect ratio and fg, is the Reynolds number correction.

The secondary loss calculation method, presented by Kacker and Okapuu
(1982) is similar with the above ones. Specifically, in this method an aspect ratio
parameter is added for capturing the secondary loss dependency on Aspect ratio,
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cos f3,

Ye ko = 1.2 kg 0.0334 fp zloadm fre (3.276)
where,
ks =1—ks(1—k,) (3.277)
2
ks = (%) (3.278)
(1-025vV2—AR uR< 2
fan = i AR (3.279)
7 , AR>2

The parameter m,, is not included in the secondary loss correlation, because
Kacker and Okapuu (1982) treat trailing edge losses in the form of a coefficient
which is then added to the profile loss instead of multiplying it.

Moustapha et al. (1990) propose a method for secondary loss calculation,
especially in off-design conditions. This method requires the calculation of
secondary design loss coefficient, which can be performed by replacing relative
inlet flow angle with the inlet blade angle and can be expressed as:

Yoa = YS,AM,DC,KO(,BI = ﬁb,1) (3.280)

Then, the off-design secondary losses can be defined as:

Y, 09x 4 13x2 4+ 400x* , 0<x<0.3
= {e " * * (3.281)
s,d

e0-9% , —04<x<0

where x is given in eq. (3.256).

Aungier (2005) revises the Kacker and Okapuu (1982) loss model, by
imposing an asymptotic upper limit on the f,; parameter calculation formula to
permit an analysis under extreme off-design conditions near the end-wall
contours.

72
Youy =k S — 3.282
s,AU s fRe 1+ 7.5Y52 ( )
where,
7. = 0.0334 £, Z cos fa 3.283
S — V. fAR load COSﬂl ( ' )
2 0.7
0.5 (—) AR <2
far = AR (3.284)
— AR > 2
AR
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1
(1 - kp) ARZ,
1
AR?

g =1— (3.285)

1+

For calculating the tip clearance loss coefficient (Y,;), Ainley and Mathieson
(1951) propose the following correlation:

cl
Yo,am = Bs——%—Z100a Mte (3.286)
Rtip - Rhub

where B is 0.5 for blades with radial tip clearance and 0.25 for blades with
shroud seal. Additionally, Dunham and Came (1970) revise the above formula,
while keeping the same parameters calculation, i.e,

0.78

c cl
Yope = Bm(z) Zioaa Mee (3.287)

where parameter B is 0.47 for blades with radial tip clearance and 0.37 for
blades with shroud seal.

3.6.5 Cascade loss model parameters

The following correlations are used by the above loss models in order to
calculate required correction parameters. The parameters are the Reynolds
number correction, blade row correction, subsonic Mach number and flow
acceleration correction, blade maximum thickness correction, supersonic Mach
number correction, trailing edge coefficient and trailing edge multiplier.

According to Dunham and Came (1970) the Reynolds number correction is
calculated as:

( Rer )_0'2 Re, < 210°
fre = {\210° r Rer (3.288)
1 , Re.> 210°
while according to Kacker and Okapuu (1982) as:
Rer -0.4 ;
((2105> , Re, < 2%10
fre = 1 , 2% 105 < Re, < 10° (3.289)
Rer -0.2 .
( 106) , Re, > 10

Zhu and Sjolander (2005) keep the Kacker and Okapuu (1982) model with a
minor revision in the correlation for Re < 2 10°:

104



-0.575

Re
((2 ) . Re,< 210°
fre = 1 , 2105 < Re, > 10° (3.290)
Re —-0.2
(1—02) ) Re, > 10°

Finally, Aungier (2005) proposes a Reynolds number correction, including
the blade roughness parameter similar to the one presented by Kacker and
Okapuu (1982). Parameter Re, refers to roughness Reynolds which is expressed
as:

_pWe
U

Re, (3.291)

Specifically, the Reynolds number correction for laminar and transition flow
is defined as:

10° Re, < 10°
fre = < |Re, or = (3.292)

k 1 , 105 <Re, < 5 % 10°

For turbulent flow the Reynolds number correction depends on both the
relative Reynolds Re, and roughness Reynolds Re, numbers. Thus, the
correction parameter can be expressed as:

( 1 5. 105)]*°°
[M , Re, < 100
fro = logio(Re;) (3 293)
e 14 [10g10(5- 105)]°°® . [1 5-105] Re. > 100 '
———————————————————————————— — — , ee
l loglo(Recr) Re,

where Re., represent the critical blade chord Reynolds number above which
roughness effects become significant, i.e.,

100 ¢
= (3.294)
e

eCT

The blade row correction parameter according to both Kacker and Okapuu
(1982) is defined as:

2
K, = 3 (3.295)
while, Zhu and Sjolander (2005) propose different blade row correction
parameters for both Rotor and Stator:
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Kn=1 3  Rotor (3.296)
0.825 Stator

The subsonic Mach number & flow acceleration correction parameter,
according to both Kacker and Okapuu (1982) and Zhu and Sjolander (2005), is
expressed as:

where k; refers to the subsonic Mach number correction and k, to the flow
acceleration correction and are defined as:

1 , M, < 02
_ 3.298
1 {1 —125(M,, —1)" , M,,> 0.2 (3.298)
Mrl
ky =" 3.299
2T M,, ( )

The subsonic Mach number correction parameter, presented by Aungier
(2005), is defined as:

1 M,, < 0.6
ku = {1 + [1.65 (M, — 0.6)" + 240(M, , — 0.06)’] (Ri)WT'Z_O'G M,,> 06 (3.300)
c

where R, is the blade suction surface radius of curvature. Also, the loss
associated with M,., > 1 is handled separately as individual loss coefficient,
entitled as supersonic expansion loss.

The blade maximum thickness correction parameter, presented by Zhu and
Sjolander (2005), is defined as:

1 fmax _ 0.2

_ c
km = £ (3.301)
> 0.2

The supersonic Mach number correction parameter is defined as:

1 M,,<1
= 3.302
fm {1 +60(M,,—1)° M,>1 (3302)
The trailing edge coefficient (c;.) is defined as:
1 1 7
e ey
Cro = oo o (3.303)
_ y—1 _ -\ rv-1
1-(1+55=m2,)
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where, the trailing edge energy loss coefficient (4¢%) is calculated from the
following equation:

Bb1

_ 2 ﬁb,l
A(P?e - A(pte(ﬁb,1=az) + By (

E) [A(p?e(ﬁbJ:ﬁz) - A(p?e(ﬁbylzo)] (3304)

where the trailing edge energy loss coefficients for Impulse (A(p?e(ﬁb1=ﬁz)) and

Nozzle blades (A(p?e(ﬁblzo)) are computed based on Error! Reference source not

found..

0.15

0.1
ra
=8
=1

0.05

0 b
0 0.1 0.2 0.3 0.4
t./o

Figure 3-28: Trailing edge: energy coefficient. [Ainley and Mathieson, 1951]

3.6.6 Choke Indices calculation

The choke indices are calculated in the same way with the radial
turbine(3.5.6).

3.6.7 Axial turbine performance map generation

The AT performance map is generated in the same way with the radial
turbine one (3.5.7).

3.6.8 Axial turbine meanline analysis verification

The comparison between the predictions of the axial turbine meanline
model(using all possible loss and deviation models combinations) and the
corresponding measured data are depicted in Figure 3-29 for specific AT,
presented by Person (2015). The axial turbine geometry is given in Table 3-9.
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Table 3-9: Axial turbine geomet

Rihub 0.178 [m] Ro.pub 0.178 [m]
Rutip 0.202 [m] Ra.tip 0.202 [m]
Bo1 0° Bo.2 74.5°
te 0.002 [m] te 0.000253 [m]
cl 0[m] z 42 [-]
o} 0.0076 [m] tmax/C 0.195
c 0.0405 [m] e 0.155 [m]

clearance type: Shroud seal

Ry 0.1775 [m] Rahub 0.1775 [m]
Ru.tip 0.2025 [m] Ra.ip 0.2025 [m]
Bos 43° Bo.2 -63.5°
tie 0.0015 [m] te 0.000266 [m]
cl 0.0003737 [m] z 64 [-]
0 0.00751[m] tmax/C 0.337
c 0.0264[m] e 0.067 [m]

clearance type: Shroud seal
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Figure 3-29: Axial TML validation against measured data

where velocity ratio(VR) is defined as:

U
R=— 3.305
Y 2 Aht—s,is ( )

According to the results, it is observed that the most recent loss models such
as the ones presented by Zhu and Sjolander (2005) and Aungier (2005) have
better agreement with the measured data in comparison with the older ones
which underestimate the turbine performance. For the current PhD study, the
Aungier (2005) model is chosen as it is the one with the best agreement among
all and also is considered more appropriate for new turbine designs.
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3.7  Surrogate Volute loss models

A big disadvantage of the CC and RT meanline models is the volute inability
to calculate the pressure losses due to 3D effects. For this reason, CC and RT
volute data-driven [Wang 2005] loss models based on CFD results are developed.
For RT and CC volute CFD-based models, an in-house utility function is
developed, with the aim to run specific CFD sub-processes in the background,
such as fluid domain meshing and flow modeling, in order to automate the RT
and CC volute CFD-based loss prediction training data, generation for creating
the corresponding surrogate models.

The entire surrogate loss model training process, shown in Figure 3-30, is
developed with the aim to allow further re-training procedures without
negatively affecting the T/C design and retrofit processes, such as pausing the
processes during the training period. The training process is developed within
Python environment, while the CFD simulation part is conducted within
commercial CFD softwarel. The whole process is properly developed in order to
launch simultaneous CFD runs for generating the required training patterns
through enabling multiple simulators.

According to Figure 3-30, for training a volute surrogate model, first a
number of randomly selected parameters generations(randomly selected sets of
input parameters) are created with respect to the parameters defined
ranges(Table 3-10).

>
N
7 Replacing )
Creatin Regressors ; o
% g Global Database B T —> loss coefficient [— 4
generations training
parameters
| NN
A
Check global <
database
Simulator 1 —
Parameters generation 1 Simulator 2 1 <>
Parameters generation 2 Local Database
Parameters generation 3 Parameters generation results 1
i - Available Parameters generation results 2
. simulator i Parameters generation results 3
Simulator 3
Parameters generation n O . — .
. - S
H s .
\A—/ [ \ Parameters generation results n
= : Simulator k —
H ' \ \_/
} : \ 7
LRI PTRRPRTL PRSI PV MPONDRS . | e PR
AWAIT /
I |
| (Parameter generation()—» 3D geometry generation — Meshing |— Flow modelling Solving RANS |
I |

Figure 3-30: Entire surrogate loss models training process.

! https://www.ansys.com/products/fluids/ansys-cfx
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During the re-training(not initial training) procedure, each generation is
checked in case that has been previously utilized in a training process, hence
avoiding unnecessary CFD simulations.

Having set a number of parameters generation, each one of them is waiting
for an available simulator(not performing CFD simulation) to be parsed.
Regarding the simulators, they are basically python modules which utilize the
necessary CFD commercial sub-tools such as 3D geometry drawing!, meshing?,
flow modeling® and RANS solver3. The number of in operation simulators are
user defined and they can be dynamically change during the process without
negatively affecting the rest of the sub-processes. Note that each simulator
approximately time for completing one CFD simulation is about 15 minutes.

Having completed the training patterns generation and parsed them in a
local database, the next step is to append them to a global one, which includes
training patterns from previous training procedures, triggering the surrogate
models training process. With the training process been completed, a new file,
which includes the updated loss coefficient parameters, is created for each
component(CC and RT volute), aiming to replace the corresponding out-of-date
one in each workstation(used for T/C design and retrofit) through the local
network.

3.7.1 Centrifugal Compressor and Radial Turbine Volute geometrical
parameters
For the volute geometries parameterization, the use of dimensionless

geometrical parameters (Table 3-10) is selected along with imposing specific
boundary conditions for developing more general CC and RT volute models.

Table 3-10: CC and RT Volute geometrical dimensionless and flow parameters.

bin/Rin (0.05,0.24) bin/Rou (0.05,0.35)
Rou/Ri (1.1,1.4) Ryono”/Rou 0.06
Rvol, 3600 /Rin (029073) RVOI,I8OO/Rout (ROO/Routa R3600/R0ut)
Mintet (0.05,0.8) Rvoi360/Rout (0.1,0.5)
Olinlet (20,80) Minlet (005,08)

CC and RT volute parameters can be shown in Figure 3-31. Concerning CC
volute, it is assumed that the Rvo6° is proportional to circumferential angle. Also,
ratio Yvo1,6°/Rvol6°, which is a function of the circumferential direction as well, is
based on the 3D designed volute geometry, presented in application case A. For

! ANSYS Design modeler
% ANSYS Meshing
* ANSYS CFX
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RT parameters, it is also assumed that the volute cross section curvature(r) is
constant across circumferential direction.

. - \-\\\ .
Rygrg0
/! Rg
®
Ly, 55 Yvore0
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Figure 3-31: Volute: (a): CC cross section [B-B] (b) CC meridional view
(¢) RT cross section [A-A] (d) RT meridional view.

3.7.2 Volutes CFD flow model

The simulation, conducted for the purpose of the volute simulation, is
steady. The fluid is considered to be continuous, air ideal gas and the gauge
pressure is set to 0 atm. The set of governing equations, solved by the CFD
software, are the Navier-Stokes equations which consist of the continuity,
momentum and energy equations.

A heat transfer model is used to predict the flow temperature along the
volute. The most suitable for the volute case is the total energy model. This
model is used to consider the transport of enthalpy while taking into account the
kinetic energy effects.

Concerning the turbulence model, the k-w based SST model [Menter 1992]
accounts for the transport of the turbulent shear stress is selected. This model is
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extensively used for CFD analysis in turbomachinery components such as the
presented one, as it is expected to provide accurate calculations for the boundary
layer, simulating both the viscous sub-layer and the log-law layer, as well as valid
predictions of the amount of flow separation under adverse pressure gradients.
It is suggested a grid with y+ <5 for capturing the laminar and transitional
boundary layers correctly [ANSYS Inc. 2011].

Considering advection scheme, a second order upwind scheme is selected
“High Resolution” [ANSYS Inc. 2011] for the mean flow, turbulence and
transition equations. The CFD software is using pseudo-transient solution
approach for steady-state computations by creating an equivalent transient
problem and simulating until steady-state is reached [Fletcher, 1998]. For the
volute case, the timescale of the pseudo-transient solution method is set to
automatic timescale. [ANSYS Inc. 2011]

3.7.3 Volutes CFD boundary conditions

Concerning the boundary conditions, all CC and RT volutes walls are
modeled as no-slip wall boundaries. Thus, as both volutes are stationary
components, the wall boundaries absolute velocity is set equal to the wall
velocity(zero). Considering the thermal conditions for the wall boundaries, these
are adiabatic.

The volute inlet in both CC and RT cases are set as subsonic inlet boundaries.
For the inlet boundary, the total temperature, absolute velocity magnitude and
direction are specified. The total temperature in both cases is set equal to 288.15
[K]. The inlet velocity direction is given in terms of two angles, namely
peripheral (0:) and axial (6,). For the case of the CC volute, the axial angle(8,) is
set to 90° (axial velocity component is 0 m/s), while the peripheral angle (6,.)
varies and is equal to the input parameter ainet (if peripheral angle is 0 the
circumferential velocity is 0 [m/s]). For RT volute, the flow is always axial and
thus both the axial and radial angles are set equal to 0°. Concerning the absolute
velocity magnitude, as the entire process has the Mach number as input data for
both CC and RT cases, the inlet absolute velocity magnitude is calculated in terms
of the given inlet Mach number and total temperature.

Concerning the inlet turbulence intensity(I), it is set equal to 5%. The
intensity is defined as:

1 ! ! !
: u' \/g (uxz + uyz + U.ZZ) (3306)
U JUZ+UZ+ U2

where u’ is the fluctuating velocity component due to turbulence and U is the
velocity magnitude [ANSYS Inc. 2011]. Considering the outlet boundary
conditions, an outlet mean static pressure equal to 1 [atm] is imposed for both
cases.
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3.7.4 Volutes mesh generation

Concerning volute mesh?! generation(Figure 3-32), the multi-zone method is
used. This meshing technique provides automatic decomposition of the body
geometry into mapped and free regions. In the first one, a hexahedral mesh is
utilized, while in the latter, unstructured regions, where the creation of
hexahedral elements is not possible, a free mesh is generated. Considering the
boundary layer, the first layer thickness inflation method is also utilized, in order
to determine the first element height.

Figure 3-32: Volute 3D mesh.

According to mesh independency study for both volute fluid domains,
depicted in Figure 3-33, a 1.6 million nodes for CC Volute and 1.4 million nodes
for RT Volute are chosen, achieving a maximum y* value of the first nodes off the
wall about 2.1 and 3.2 respectively. Both components y+* values are lower than
five, which ensures according to the software manual that the CFD model
captures the laminar and transitional boundary layers correctly. [ANSYS Inc.
2011]

! ANSYS Meshing
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Figure 3-33: Volute mesh independent study: (a) CC (b) RT.

The loss coefficients for both CC and RT volutes are computed by mass
averaging the CFD results and are defined as:

Pt,in B Pt,out
w -

Pt,in - Pt,out

Yyourr = (3.308)

Pt,out - Pout

The RT Volute CFD model, apart from the value of the loss coefficient,
provides the mass averaged outlet flow angle. Figure 3-34 depicts both volutes
3D geometry, including the flow pattern, developed within, in the form of
streamlines.
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Figure 3-34: Volute Flow Simulation: (a) CC (b) RT.
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3.7.5 Volute surrogate loss model training and results

Having generated the necessary training patterns to train the surrogates
models, they are yielded into 2 datasets of about 1000 points each, from which
the 90% is used in the training and the 10% in the testing process.

The preprocessing step entails filtering both datasets in order to keep the
ones that corresponds to stable operation. Thus, for both CC and RT volute data
the filtering criteria are defined as:

Loss coefficient value <=1

0 <= Outlet flow angle <= 90(For RT volute)
Velocity and Energy RMS residuals <=10-5

e Velocity and Energy imbalance <0.1%

Additionally, data points are normalized using a min-max scaler in order to
improve the convergence of the training and to scale the features to an
appropriate range for fitting the model. The min-max scaling formula is as
follows:

Koo = ——— (3.309)

Several methods are trialed in order to find the best fit for each problem.
The support vector machine (SVM) was deemed best for the compressor model,
whereas a K-nearest neighbor (KNN) regressor is chosen for the turbine volute
problem due to SVM inability to consists of more than one outputs. For CC volute
SVM and RT Volute KNN models, both “sklearn.svm.svr” I and
“sklearn.neighbors.KNeighborsRegressor’? python modules are utilized.

In order to obtain the best SVM parameters on the training set a random
search method is used. The search is configured to use a cross-validation of 5
folds in order to obtain more accurate R2 scores for each set of parameters. A
similar approach but using a grid search is followed in order to find out the best
number of neighbors for the turbine volute model. The tunable parameters and
the search spaces are shown in Table 3-11 and Table 3-12 for the compressor
and the turbine, respectively.

Table 3-11: CC SVM model parameters and search spaces.

c 12 (0, 1000)
c 0.01 (10*,10°9)

Table 3-12: RT KNN model parameters and search spaces.

n neighbors 2 (1,30)

! https://scikit-learn.org/stable/modules/generated/sklearn.svm.SVR.html
? https://scikit-learn.org/stable/modules/generated/sklearn.neighbors.KNeighborsClassifier.html
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Regarding the surrogate models error analysis, the Figure 3-35 shows the
histograms of the errors in the testing set for each volute surrogate model. It can
be observed that almost all errors are below 10% for both models. For the
compressor volute model, 90% of the errors are below 5% and for the turbine
volute 74% of the loss errors and 100% of the angle errors are below 5%.

Compressor Volute SVM - Error Histogram (Test Set)
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Figure 3-35: Volute Error Histogram: (a) CC (b) RT.

Concerning R-square analysis, the R% score(eq. (3.310)) on the training set
for the compressor volute model is 0.98 and (0.99,0.96) for the turbine volute,
while the R? score on the test set is 0.95 and (0.99,0.92) respectively.

_ X — 92
X —v)? (3-310)

where y;is the actual value, y; is the predicted y value by the regressor and y; is
the mean value.

For evaluating the above CC model, a comparison between the
corresponding CFD based and the Aungier (2000) model results is performed
and depicted in Figure 3-36.

RZ
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Figure 3-36: CC Volute model comparison.

According to the results, both models have similar trend. As inlet volute
Mach number goes to lower values, it is observed that the deviation between
both models increases due to the secondary effects. Specifically, the Aungier
(2000) loss model integrates both meridional velocity and skin friction loss
coefficients (equations (3.124) and (3.125)). Even if both loss coefficients are
primary ones, they are unable to capture the secondary effects, which are highly
increased in low Mach numbers, hence leading to model loss deviation increase
as Mach number decreases.

For further evaluation of the CFD based CC volute loss model, a parametric
study is carried out. In Figure 3-37(a) the volute loss coefficient is depicted and
calculated based on outlet to inlet radius and inlet width to inlet radius ratio. In
Figure 3-37(b) the volute loss coefficient is shown and is calculated based on
outlet tube to inlet radius and inlet width to inlet radius ratios.
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Figure 3-37: CC Volute model parametric study.

According to Figure 3-37, both (Ryy:/Rin) and (R,e;/R;n) highly affect the
volute loss coefficient.

Concerning the (R,,:/R;,) parameter, it seems to be independent of the
other geometrical ones, as seen in Figure 3-37a, for specific flow angle and Mach
number, as the optimum point is not affected by the (b;,/R;,) variation and
corresponds to a value of about 1.35. On the other hand, the (R,,;/Rin)
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parameter is strongly influenced by (b;,,/R;,), as the optimum point varies from
0.42 to 0.58 as (b;,/R;,) is changed(Figure 3-37b). In the current case, the
minimum loss coefficient is achieved by designing a volute with a (R,y:/Rin)
equal to 1.35, a (b;,/R;) equal to 0.135 and a (R,;/R;») equal to 0.59.

For evaluating the above RT Volute model, a comparison between the
corresponding CFD-based and the Aungier (2005) model results is performed
and depicted in Figure 3-36.
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Figure 3-38: RT Volute model comparison.

According to the results, both models have similar trend for Mach numbers
lower to 0.25 (turbine volute operates in most cases with volute inlet Mach
numbers lower than 0.25). Also, it can be seen that both models achieve different
maximum Mach number. In contrast to the CC volute model, the RT volute model
affects choke point as it is the first upstream RT component, hence affecting all
the downstream turbine components performances.

The Aungier (2005) loss model consists of circumferential distortion and
boundary layer losses (equations (3.185)and (3.186)). Similar to CC volute loss
model, the RT one consists of primary losses, hence it is unable to capture the
secondary effects, which are increased in low Mach numbers, hence leading to
model loss deviation increase as Mach number decreases.

Concerning volute outlet flow angle prediction, Aungier (2005) assumes that
no losses occur from inlet to the station in volute half where the mass flow that
supplies its flow conditions is the half of the inlet one. Thus, for calculating the
flow conditions in volute outlet, angular momentum at the volute exit is
estimated from conservation of angular momentum between mid and outlet
volute station, while assuming pressure losses existence only between mid and
outlet station. These assumptions lead to both loss coefficient and flow angle
deviation increase between the 1D and the CFD based model predicted data.
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For further evaluating RT volute model, a geometrical parametric study is
performed. In Figure 3-39(a) the volute loss coefficient(continues line) and exit
flow angle(dash line) is depicted and calculated based on Rvol(360°) to outlet
radius and outlet width to outlet radius ratio. In Figure 3-39(b) the volute loss
coefficient(solid line) and exit flow angle(dashed line) is shown and are
calculated based on Rvol(360°) to outlet radius and volute inlet diffuser ratio.
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Figure 3-39: RT Volute model parametric study.
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According to Figure 3-39, all three parameters depend on each other, as
seen by the variation of the optimum point for different parameter combinations.
Specifically, the volute loss coefficient is strongly affected by (R,01360/Rout)
parameter, rather than the (b,,;/R,,:) and the diffuser ratio, as it varies from
0.25 to 0.55. Regarding the outlet flow angle, it depends mostly on (R,01360/Rout)
and (b, /Roue) as diffuser ratio slightly affects it. Additionally, the diffuser ratio
level of influence in outlet flow angle depends on (R,,360/Rout) Parameter.
Concluding, in contrast to CC volute design, in the RT one, seeking a volute
geometry with minimum loss coefficient may lead to an overall turbine efficiency
decrease, since the outlet flow angle may negatively affect both the nozzle and
impeller operation. Thus, the volute component should not be design separately.

3.8  Matching criteria

For matching criteria, turbocharger must provide the necessary boost
pressure, in order for the diesel engine to generate the demanded nominal
power [Emara et al. 2016]. For ensuring that the entire engine system energy
equilibrium is achieved, the following criterion is applied:

Pim — Pexhmanif

Pim

< 15% (3.311)

where pi, and pexpmanis are the inlet and exhaust manifold pressure,
respectively.

Ideally, the turbo-components operating nominal points should be in high
efficiency area while compressor operating line distance from stall line must be
as large as possible [Emara et al. 2016]. For ensuring the T/C stable operation,
the following criterion is applied:

m— mstall

. < 15% (3.312)
Mgtan

3.9  Turbocharged Diesel Engine Experimental Verification

As it discussed above, the approach followed for the simulation of T/Ced
diesel engine operation is based on empirical and semi-empirical expressions to
determine the fuel burning rate, heat transfer and friction power losses.
Therefore, it is necessary to calibrate the model constants by comparing the
output of the simulation model with corresponding available shop trial
data(Table 3-13).
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Table 3-13: Diesel eniine shop trials data.

25 113 32.2 0.36 35 1001.5 31 62 62 283
50 225 53.5 0.69 37 1003.7  30.5 66 83 339
75 338 73.6 1.23 42 1003.5 31 65 108 365
100 450 94.5 1.84 45 1003 31.5 59 131 399
110 495 104.3 2.05 47 1002.7  32.5 54

Concerning the T/Ced diesel engine verification test case, its technical
specifications are depicted in Table 3-14, while the Table 3-15 and Table 3-16
show the baseline T/C components geometry. The baseline turbo-components
geometry is used as input data to the corresponding mean line models.
Calibration constants are determined, following an optimization procedure to
minimize the error when comparing calculated and measured values at each
operating point (25%, 50%, 75%, and 100% of full engine load) and at rated
engine speed.

Table 3-14: Diesel eniine technical siecifications.

Cycle 4 Fuel LHV [k]/kg] 42700
Cylinders 5 Number of turbochargers 1
Bore[mm] 200 Injection timing[CA] 10° BTDC

Stroke[mm] 300 Injection pressure[bar] 294
Fuel Type Diesel Number of injector nozzle holes 8

Table 3-15: Baseline centrifugal compressor geometry.

D1 hub 0.029 [m] bs 0.0082 [m]
D1.tip 0.085 [m] b, 0.0082 [m]
D; 0.137 [m] Zvs 7]

D, 0.17 [m] legp 0.3[-]

B 52.25° y 7[]

Bb3 36.5° La 0.04 [m]

ty 0.0021 [m] AR, 0.23[]

ts 0.0017 [m] Nes 60000 [Rpm]
cl 0.006 [m]
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Table 3-16: Baseline radial turbine

0.038 [m]

Deé hub ts -

Ds iy 0.109[m] t :

D, 0.120 [m] ba 0.0209 [m]
D, 0.160 [m] bs 0.0209 [m]
D, 0.160 [m] b, 0.0209 [m]
Bo.s 46.8° Zyg 11[-]

Bos 22.49° Zes 11[H]

Bus - L 0.046 [m]
B2 - Zy -

ts - AR\ 0.21

t, - Nees 60000 [Rpm]
leg - cl 0.0006[m]

In Figure 3-40, the comparison between the measured and the calculated
values for brake engine power, peak combustion pressure and exhaust gas
temperature, at the engine operating conditions used for calibration is depicted.

As observed, there is a good matching between measured and calculated
values, which indicates that the model reliably reproduces the specific engine
operation for the entire range of the conditions examined. It should be noted that
one set of calibration parameters is used for the whole operating envelope.
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Figure 3-40: Comparison between calculated and measured values used for model calibration.
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The specific fuel consumption and boost pressure against engine power is
presented in Figure 3-41 for five different operating points (Load: 25, 50, 75, 100
and 110%) as reported in the engine shop trials, shown in Table 3-13.
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Figure 3-41: Comparison between calculated and measured SFC and boost pressure.

As seen in Figure 3-41, the integrated T/Ced engine model simulates the
overall engine operation in very good agreement to the engine shop trials data.
The maximum deviation from the reported mean SFC is 2.6%. During design and
retrofitting processes, the overall fuel consumption is utilized. Utilizing the
overall specific consumption function in the following applications, the errors
corresponding to the 100% and 110% loads do not significantly contribute to the
overall processes errors.

The matching of T/C components with the engine is presented in Figure
3-42 and Figure 3-43, where both compressor and turbine maps with
corresponding operating lines are shown.
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3.10 Summary and Discussion

In this chapter, the T/Ced diesel engine simulation process was analyzed.
Basically, it utilizes 1D sub-models for -calculating the turbomachinery
components maps and then a fully coupled process integrating the
turbomachinery components. An extensive presentation of each sub-model was
carried out, including the corresponding theory and correlation.

Additionally, new CC and RT CFD-based surrogate volutes loss models are
developed. Comparing CFD-based loss models with the corresponding
conventional meanline ones, it is obvious that even they have similar trends, the
surrogate ones provide higher accuracy, especially in off design conditions
where secondary losses, which are not included in the conventional loss models,
increase.

In order to ensure the applicability of the simulation process in capturing
the T/Ced diesel engine operation, a verification process was carried out. The
verification of the model of each individual component, namely CML, TML and
diesel single zone model as well as the entire T/Ced diesel engine was performed
and presented. The individual components and the entire engine system
verification analysis showed that the current process can simulate the diesel
engine throughout its operating envelope.
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Chapter
4 Automatic Turbocharger

design process

In this chapter, the automatic T/C design process is described. It is basically
a 1D multi-point design (optimization) process, aiming to provide a fast and
reliable solution based on the T/Ced diesel engine operating range. The design
process can be performed for each turbo-component individually or for the
entire T/C. Additionally, both the static and the modal structural integrity is
ensured by utilizing an integrated, simplified structural analysis tool.
Dimensionless geometrical parameters are also utilized as optimization
variables, for given nominal mass flow, speed and power.

Finally, a CFD CC multi-point design (optimization) option is also provided,
producing an improved 3D compressor geometry. It complies with the T/Ced
diesel engine range of operation, while its structural integrity is ensured by using
a 3D static analysis using Finite Elements.

4.1  General description

The design process focuses on a multi-point T\C operation, with the
capability of being adjusted to design or retrofitting requirements for all possible
T/C configurations, providing either a T/C component or an entire T/C
(re)design solution.

Concerning the T/C component preliminary design, the process follows the
next steps:

e Designs a turbo-component, focusing on the entire system improvement.

¢ Ensures matching quality with the ICE.

e Ensures that the designed turbo-component operates stably (in case of
compressor design).

e Ensures the designed turbo-component static structural integrity.

e Ensures the designed turbo-component dynamic structural integrity.
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Similar to the partial component design, for the T/C design, the process:

Designs a T/C, focusing on the entire system improvement.

Ensures the matching quality with the ICE.

Ensures that the designed compressor operates stably.

Ensures static/dynamic structural integrity for both designed
components.

e Chooses the best fitted T/C configuration

Regarding the T/C possible configurations, these are the following:

a) Vaneless Diffuser Centrifugal Compressor - Radial Turbine
b) Vaned Diffuser Centrifugal Compressor - Radial Turbine

c) Vaneless Diffuser Centrifugal Compressor - Axial Turbine
d) Vaned Diffuser Centrifugal Compressor - Axial Turbine

4,2  Automatic Turbocharger Multi-point preliminary Design process

A general flow chart of the multi-point design process is illustrated in Figure
4-1. According to this, when an engine model is available, an iterative process is
performed between T/C and the diesel engine, in order to correct the design
mass flow, speed and power. The current process is utilized for designing either
specific T/C configuration or all four possible ones, in order the user to be able to
choose the most suitable one among them.

Shop trial
Mass flow
Speed
Power

Mass flow
Speed
Power

T\C DESIGN TOOL

Diesel Model

| Diesel Model v
available esel Mode \C geometry

Figure 4-1: Automatic Turbocharger preliminary design tool.

The process consists of two component sub-tools(Figure 4-2), one for each
turbo-component (compressor or turbine). Each design sub tool, combining a
preprocessor (reverse problem model) and a meanline model, allows the use of
dimensionless parameters(e.g. Table 4-1) instead of dimensional ones(e.g. Table
3-2) as optimization variables. This technique provides a more general and
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automated design process, since there is no need of redefining both the range of
the design variables and the initial geometry for different T/C scale.

The process also, integrating a simplified structural analysis(static, modal)
tool, ensures that the designed T/C will operate structurally safe. Additionally,
utilizing an embedded 1D to 3D transformation sub-tool, the preliminary 1D
geometry can be transformed into a 3D one, hence providing a fast retrofit-
design solution. Finally, a high fidelity design option is also provided, applying a
CFD-FEA optimization process, using the preliminary design geometry as the
initial one.

[ 1DOPTIMIZED |
> COMPONENT |
| 3DGEOMETRY |
1D COMPONENT | 1Dte 3D
DESIGN TOOL transformation

[ CFDOPTIMIZED |
»  COMPONENT | |
3D GEOMETRY |

o CFD .
OPTIMIZATION

Figure 4-2: Component design process sub-tools.

In this PhD thesis, the 3D design process is limited only on centrifugal
compressor 3D design (original turbine is retained), presented in the section 4.6.

4.2.1 Turbo-component preliminary Multi-point Design process

The T/C component design process, follows a weighted single objective
optimization procedure to (re)design the turbo-component in order to match the
entire system in an optimal way.

For automating the optimization process, constant variable ranges are
imposed to satisfy every component performance requirement, while the
initialization is performed using random values from the defined ranges. The
usage of dimensionless parameters is achieved by coupling a typical component
1D mean line model, presented in Chapter 3, with a pre-processor, capable of
transforming dimensionless parameters into geometry as explained in the
section 4.3. This transformation is accomplished by using component mass flow,
speed and power as input data. Note that the process also checks that there is no
overlapping between the volute and the impeller volumes, by automatically
setting an upper limit in volute volume in every optimization cycle.

In case of no available engine model, the design process focuses on
maximizing turbo-component efficiency,

X hrin;
> hry

max:z = (4.1)
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where hrj is the engine operating hours and 7n; the turbo-component efficiency
that corresponds to each operating point i. All the weight factors (hr;/ Y hr;) are
user defined. Regarding the optimization constraints, they are appropriately
selected in order to make the new component, manufacturable and functional.

For ensuring component static structural integrity, its maximum tensile
stress (0,nqx) at the highest compressor speed operating point must not exceed
the yield stress by a given safety factor (see section 4.4.2). Concerning the
dynamic structural integrity, the turbo spool vibration should be stable with the
eigenfrequency as function of the rotating speed for the first two modes, not
crossing the synchronous frequency curve, hence avoiding resonance
operation(see section 4.4.4). Finally, for providing a manufacturable, by a CNC
machine, design solution, the blade thickness must be greater than a given
minimum value.

In case of a compressor design, it must operate in the stable region with an
acceptable stall margin(eq. (3.312)) while its volute pressure recovery must be
greater than 0.21 according to Ceyrowsky et al. (2018). For the present work, the
CC and RT volutes are set as semi-external and external, respectively. About the
stall margin constraint, as the performance map generation is not required, the
stall index, presented in section 3.4.7, is utilized.

Regarding the selected design points, one operating point is chosen as a
nominal point and the rest of them as base points. During the turbine design, the
operating points which correspond to lower T/C speed than the nominal one
(including the nominal) are checked as unchoked (mandatory operation in
unchoked region), while the ones with higher rotational speed are checked as
free (can operate either in choked or unchoked region).

The Figure 4-3 shows the structure of the turbo-component 1D design
procedure. In each optimization cycle, a component is generated to satisfy the
performance conditions (m, N, Pwrcmp), required by the diesel engine at nominal
operating point. Component efficiency is also evaluated.

Then, having a component geometry, the off design analysis is performed for
each rotational speed, according to the shop trial data for all the selected base
points, in order to calculate both the efficiency and the performance conditions.
Having the performance data from the shop trials, the error between the
calculated and the given ones must not exceed a certain tolerance.
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Figure 4-3: Turbo-component 1D design flow chart (no available Diesel Engine model)

In case of an available engine model, the process focuses on minimizing the
annual average fuel consumption of the diesel engine, thus the objective function
is expressed as:

Z hri mfuel,i
2. hr;

where hr; is the engine operating hours and m,,;; the fuel consumption that
corresponds to each operating point i. All the weight factors (hr;/ ), hr;) are user
defined. Regarding the optimization constraints, they are the same with the “no
available diesel engine model” case. Additionally, as the engine model is
available, the constraints, presented in 3.8, are also taken into consideration, for
ensuring the matching quality between the turbocharging system and the engine.

Considering the T/C component design process with an available diesel
engine model, the Figure 4-4 depicts a compressor design process flow chart.
Regarding the turbine design, the procedure is similar, with the compressor
inverse problem tool been replaced with the compressor performance map and
the turbine map been replaced with the turbine inverse problem.

In each optimization cycle, it designs a component to satisfy the given
performance conditions (m, N, Pwremp) required by the diesel engine. Having
generated the component geometry, an off design analysis is performed,
generating the corresponding performance map. Combining then, both the
generated and the pre-existing(from the baseline component that is not
designed) maps with diesel model, the new T/C performance conditions are re-

min:z = (4.2)
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computed. This internal iterative process stops when a tolerance value is
achieved.

Compressor
Dimensionless

Parameters

» Compressor power

o mass flow Inverse Problem cML map i
« Speed ROl

at design point

No Errord = (Pwr,cmp / Pwr_input,cmp — 1) Errorl = (Pwr,trb / Pwr_input,trb — 1)

Error < tol [Errors = massflow,cmp / massflow_input,cmp - 1 e—|| Error2 = massflow,trb / massflow_inputtrb - 1 [le—  Diesel Model

Optimizer Error6 = speed,cmp / Speed_input,cmp -1 Error3 = speed,trb / Speed_input,trb -1
Max: 7 Yes

 Turbine power
* mass flow

« Speed

at design point

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, + Compressor stall margin Simplified
« Compressor Pressure recovery Structural analysis

[+ Fuel ion (nominal point) O

\. Fuel consumption (all selected base points)

{Energy equilibri )

Turbine map

/ « Dynamic structural analysis results
\. Static structural analysis results

Figure 4-4: Compressor design process flow chart (available Diesel Engine model).

4.2.2 Entire Turbocharger Multi-point Design process

About the T/C design process, it follows an optimization procedure,
designing both turbo-components in order to match the entire system in an
improved way.

Similarly to the turbo-component design process, constant variable ranges
are imposed to satisfy every component performance requirement, while the
initialization is performed using random values from the ranges chosen.

In case of no available diesel engine model, the design process focuses on
maximizing T/C efficiency,

Y AT Neei

min:z = ———=
2 hr;

(4.3)

Regarding the optimization constraints, are the same with the no available
diesel engine T/C component geometry optimization process.

In case of an available diesel engine model, the process is similar to the
available diesel engine T/C component design process. The main difference is
that there is no pre-existing map, hence the process consists of two
preprocessors (inverse problem models), one for each turbo-component.

Concerning the T/C design process, the Figure 4-5 shows a T/C design
process flow chart. In each optimization cycle, it designs a T/C(compressor and
turbine pair) to satisfy the given performance conditions (m, N, Pwremp) required
by diesel engine.
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Having generated both geometries(compressor and turbine), an off design
analysis is carried out, generating both performance maps. Then, combining both
maps with the diesel model, the new T/C performance conditions are re-
computed. This internal iterative process stops when a tolerance value is
achieved.

Turbine Compressor
Dimensionless Dimensionless
Parameters Parameters

c Inverse Problem CML map i

No Errord = (Pwr,cmp / Pwr_input,cmp — 1) Errorl = (Pwr,trb / Pwr_input,trb - 1)
Error < tol = massflow,cmp / massflow_input,cmp - 1 ——|| Error2 = massflow,trb / massflow_input,trb -1 |fe—{  Diesel Model
Optimizer Error6 = speed,cmp / Speed_input,cmp -1 Error3 = speed,trb / Speed_input,trb -1

'« Compressor power
* mass flow
« Speed

at design point

Max: 2’ Yes

Turbine Inverse Problem TML map generation

~ Turbine power

o mass fl
gl e Simplified
Bl Structural analysis

[« ccstall margin

+ CC Pressure recovery

/- Fuel ion (nominal point) » Dynamic structural analysis results
\- Fuel consumption (all selected base points) « Static structural analysis results

Energy equilibri

Figure 4-5: T/C design process overall flow chart (available Diesel Engine model).

4.2.3 Optimization method

For the optimization process, a commercial optimization tool! is utilized.
Even if the optimization method is user defined, for the current study, the
adaptive simulated annealing (ASA) method is selected.

Both Li et al. (2015) and Tang et al. (2019), aiming to design a centrifugal
compressor via 1D geometrical parameters optimization, similarly to the one
conducted in the present thesis 1, chose ASA method, as a suitable method for
turbo-components geometry optimization.

4.3  Turbo-components Dimensionless Variables

As described in section 4.2, aiming to develop a more general optimization
process (independent of the T/C scale), constant variables ranges are imposed in
order to satisfy every component performance requirement, while the

! Isight & SIMULIATM Execution Engine - Dassault Systémes®.” [Online]. Available: https://www.3ds.com/products-
services/simulia/products/isight-simulia-execution-engine/
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initialization can be performed using random values with respect to the defined
rages.

The ranges have been defined by both examining a number of available T/C
geometries, provided by T/C manufacturing company?, and collecting-analyzing
geometrical data from public literature (e.g. Japikse (1996), Japikse and Baines
(1997)).

4.3.1 Centrifugal Compressor dimensionless variables and inverse problem

A typical layout of a CC inverse problem is shown in Figure 4-6, showing the
coupling of both compressor 1D mean line model and pre-processor, in order to
transform dimensionless parameters into geometry.

Compressor
Dimensionless
Parameters

———|---------——-—-"—-"—---—————-

| 4
* COmpressor power | Pre Processor
# mass flow at nominal point
* Speed [
|

| Innsierse
L Problem

Meanline analysis
at nominal point

Mean line
map generation

Figure 4-6: Centrifugal Compressor inverse problem model.

This transformation is accomplished by using compressor mass flow, speed
and power as input data. Thus, the compressor dimensionless geometrical
parameters, including their defined ranges, are presented in Table 4-1 and Table
4-2, while the output data, required by the meanline model, are depicted in both
Table 3-2 and Table 3-3. Note that the clearance ratio is set equal to 0.8% as
typical value and the dimensionless splitter position equal to 0.5 as the
compressor used in CC meanline model validation case, presented in Chapter 3.

Table 4-1: Vaneless CC Dimensionless ieometrical iniut iarameters.

inc (-10,10%) B; (0,0.3)

By (0,70) AR,y >1.15

M, (0.1,0.9) AR, >0

0 (0.1,0.5) Zo smain (6,40)

B, (0,0.3) Ry /Raip. (0.25,0.70)

! www.turbomed.gr

138



Table 4-2: Vaned CC Dimensionless ieometrical input parameters.

inc (-10,10°) B, (0,0.3)

By (0,70) AR, >1.15

M, (0.1,0.9) AR, >0

03 (0.1,0.5) Zomain (6,40)

B, (0,0.3) Rt/ (0.25,0.70)
Bya (0,90 By 0,0.3)

Bys (0,70) Bs (0,0.3)

Z, (6,40) AR >1.15

For transforming the compressor dimensionless geometrical parameters
into geometry, the mass flow (m), the external power (Pwry,,;) and the speed
(N) are required.

First, having established the external power, the compressor one is defined
as:

PWTemp = PWryp Ny (4.4)

where the turbo cartridge mechanical efficiency (n,,) is set equal to 95%.

The inlet area is calculated via the continuity equation in terms of the inlet
Mach number, the given mass flow and the inlet total conditions.

Then, the inlet geometrical parameters are computed for a given hub to tip
ratio:

Ay
n( 1 )2 e (4.5)

Ryub,1/Riip

Dpyp1 = 2

Dhubl
fpd Rhub,1/Rtip 1 (6)
Regarding the blade angle, it is calculated in terms of both the given
incidence angle(inc) and the relative flow angle(f;)

By = P1 —inc (4.7)

where the relative flow angle is estimated from the corresponding velocity
triangle.

In next step, the impeller outlet total temperature is calculated in terms of
both the inlet total enthalpy and the compressor power:
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Pwr,
hey = h(Tt,l)l his = — TP+ hi1,Tez = T(hes) (4.8)

Memp

Guessing then, an impeller outlet blade velocity (Uz), the outlet total
temperature is re-calculated as:

U2 - U2
heir = h(Tt,l,r)' heszr = hear + Y Tezr = T(hesr) (4.9)
Vinz = @3 Us (4.10)
Vigzia = Us = Vs tan By 3 (4.11)
Viz = Vuzia 0 (4.12)
hes =Vyu3 Us (4.13)

where the outlet flow coefficient (¢3) belongs to the given input data and the slip
factor (o) is calculated regarding the eq. (3.45)-(3.48).

Given that, the total enthalpy at exit (h.3) is established by eq. (4.8), an
iterative process is carried out between eq (4.9) and (4.13) for predicting the
(Uz), until the error between both calculated total enthalpies, reaches a
tollerance value.

Considering the initial impeller outlet meridional velocity, it can be defined

as:
hys
Unini = ' 4.14
3,init \[1 — @3 tanf 3 ( )
Also, the impeller axial length can be calculated according to Goudas (2019).

D5

Loxiar = D31 0.014 + 0.023 + 1.58 @5 (4.15)
tip,3

Regarding the blade height (b3), it is calculated as:

43

by = —2>
> mDy By

(4.16)

where the outlet area(4;) is computed based on the procedure presented in
section 3.4.2 for a given mass flow.

About the impeller blades thickness at leading and trailing edge, they can be
expressed as:
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(Dtip,l + Dhub,l) T
2 Zyp cos fBp1

tl = 1 (417)
D;m
32 Zpp cos Bb3 (4.18)
Then assuming that the diffuser channel width is constant across the
vaneless/vaned diffuser, the corresponding diffuser outlet diameters are
expressed as:

D, = AR, Ds (4.19)
D. = { D, ,  Vnlss Dif fuser CC (4.20)
> " |ARyna Dy , Vnd Diffuser CC

4.3.2 Radial Turbine dimensionless variables

Similarly to the CC inverse problem, for the RT one, the usage of
dimensionless parameters is achieved by coupling a typical 1D mean line model
with a pre-processor, capable of transforming dimensionless parameters into
geometry.

Concerning the RT dimensionless geometrical parameters and their defined
ranges, they are presented in Table 4-3, while the output data, required by the
meanline model, are depicted in Table 3-4.

Table 4-3: RT Dimensionless ieometrical input parameters.

M, (0.1,0.9) AR,y >0
ARy 1.58 b,/D, (0.01,0.5)
Buo (0,90°) B, (0,0.3)
Bus (0,90°) B; (0,0.3)
Boa =0° B, (0,0.3)
Po.s (0,90 B; (0,0.3)
Laxial/Da (0.05,0.7) AR,y =1.15

Z, (6,40) Z, (6,40)
Rhup,s/Riip.5 (0.25,0.70)

Considering the inverse problem procedure, the following equations
describe how the RT geometry is generated based on a given dimensionless
parameters.

At first, having known the volute inlet Mach number, the inlet absolute
velocity and the inlet area are computed according to the continuity equation.
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Then, both the inlet volute diameter(Dvoi)) and the inlet/outlet volute
diameters from the rotating axis (D1,D2) are computed in terms of a given volute
aspect ratio and the predicted inlet area(4,).

Then, using the dimentionless parameter (bz/D2), the inlet vaned nozzle
width is also calculated. Also, it is selected a constant width across nozzle and
equal to the impeller inlet blade height:

bz = b3 = b4_ (4‘21)

As for both the vaned and the vaneless nozzles, their geometrical
dimensional parameters can be defined as:

A, = 1th,D, (4.22)
t, = ﬁ (4.23)

37 biz ARtnd (2%
As = hsDs (1 — By) (4.25)
ty = lﬁ% (4.26)

Both the vaneless and vaned nozzle flow and performance conditions,
required for the next computations, are calculated, according to the process,
presented in section 3.5.2, imposing the above predicted geometrical
parameters.

In next step, the impeller inlet geometrical dimensional parameters are
calculated as:

A4_ = T[b4D4 (4‘.28)
Ay By
ty =—m
* 7 byZy cos Bb.a (4.29)
Loxiat = D4(Laxial/D4) (4.30)

The relative conditions and the velocity components in impeller inlet,
required for the next calculations, are predicted based on the methodology
presented in section 3.5.2, as the impeller inlet geometry was established.

Then, having known the turbine output power, the impeller outlet enthalpy
is established as:
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ht,S = ht,4 - :Tt,5 = T(ht,S) (4-31)

Guessing then an initial impeller outlet meridional velocity (Vms), the
impeller outlet conditions are calculated, following an iterative process. First the
velocity components in relative frame are calculated from the corresponding
velocity triangle, in terms of both the meridional velocity and the relative
outflow angle.

Concerning the outflow relative angle([33), if the selected outlet flow model
is the one presented by Wasserbauer and Glassman (1975) (eq. (3.166)) then
the outflow relative angle is equal to the outlet blade angle. If the Aungier (2005)
model (eq. (3.167)) is used, then, because it depends on both the hub and the tip
radius, the outflow relative angle is set equal to the blade angle at the beginning
of the iterative process and is updated after the hub and tip radii are established.

Then guessing an initial outlet blade speed, both the outflow angle and the
outlet velocity are computed from the corresponding velocity triangle, in terms
of the blade speed, the meridional velocity and the relative circumferential
velocity.

Next the outlet total enthalpy is re-calculated as:

1
hes = hgs + EVS2 (4.32)
where,
2 2 1,
hgs = [ht,l,r + (U5 — 4)] - EWS (4.33)

Given that, the total enthalpy at exit (h, 5) is established by eq. (4.31) and re-
calculated by eq.(4.33), an iterative process is carried out for predicting the
outlet blade speed(Us), until the error between both calculated total enthalpies,
reaches a tollerance value. Regarding the initial outlet blade speed, it is set equal
to the square of the turbine specific power.

Having enstablished the blade speed, the rest of the required impeller outlet
geometrical dimensional parameters are calculated for a given hub to tip ratio:

D _ 60 Us 2 434)
tip,5 — 2 .
TN 1+ (Ruub 6/ Reipe)
Dhub,s = Dtip,S (Rhub,S/Rtip,S) (4.35)
D2. _ DZ
AS — (1 _ BS) T tip,5 hub,5 (4.36)

2
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2 2
Dtip,S - Dhub,s
T 2

(Rtip,S _ZRhub,S) cos lgb,s

Bs

ts (4.37)

Having determined the impeller outlet geometry, the eq. (3.154) - (3.156)
are applied, for calculating the outlet mass flow. Given that, the mass flow is
user-defined, an iterative process is carried out between eq. (4.32) and (4.37),
until the error between the calculated and the given mass flow reaches a
tollerance value.

Considering the initial impeller outlet meridional velocity, it can be defined

das:
Pwry,p
\ er (4.38)

|74 . =
m,5,initial tan Bb,s

4.3.3 Axial Turbine dimensionless variables

Similar to the CC inverse problem, for the AT one, the usage of dimensionless
parameters is achieved by coupling a typical 1D mean line model with a pre-
processor, capable of transforming dimensionless parameters into geometry.

Concerning the AT dimensionless geometrical parameters and their defined
ranges, they are presented in Table 4-4, while the output data, required by the
meanline model, are depicted in Table 3-9. In contrast to both CC and RT
preprocessors, apart from the turbine speed, the mass flow and the output
power, the output power distribution across turbine stages and the number of
stages should be also provided. Note that the stator inlet Mach number (My;s) and
flow angle (a1s) input data are used only for the first stage.

Table 4-4: AT Dimensionless ieometrical input parameters.

er/cr (15.6) Rpuo.t.s /Rap.is (0.25,0.70)
es/cs (1.5,6) Ruubzs Ripas (0.25.,0.70)
t6/ Cs (0.05,0.98) Riuo /R & (0.25,0.70)
tw/ Cr (0.05,0.98) Risn/Ripar (0.25.0.70)
xs/ Cs (0.05,0.98) Zx (10,50)
xr/ Cr (0.05,0.98) Zs (10,50)
Bb1,s (0,90% Bis (0,0.3)
Bbz,s (0,90% Bzs (0,0.3)
Bosr (0,90°) Bix (0,0.3)
Bb2r (0,90% B2r (0,0.3)
M, ' (0.1,0.9) agst =0

! Used in the first stage only
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Setting the turbine output power distribution across turbine stages and the
number of stages, the corresponding stage output power can be defined as:

PWTter = XpWT,] PWTtT‘b ) XpWT,] 2 O and szwr’] = 1 (439)

where the parameter Xpwr) refers to the percentage of output power that the
stage contributes to the total one. It is important to note that the preprocessor
procedure, presented below is repeated for each stage. Additionally, the inlet
Mach number and the inlet flow angle are given as input data (Mys[1], at1,s[1]).

Regarding the stator geometry calculations, in the first step, knowing the
cascade inlet Mach number and flow angle, the inlet area is predicted via the
continuity equation.

Next, the inlet geometrical dimensional parameters can be computed for a
given hub to tip ratio:

Ay
n 1 @ (4.40)
(Rhub,l/Rtip,l)

Dhub,l =2

D _ Dhub,l (4 41)
tip,1 — .
P (Rhub,l/Rtip,l)

thip,l - Dl%ub,l B
poon 4 1 (4.42)
le Z cos By,

Dio1+ D

Dref,l — tip,1 z hub,1 (4.43)

For establishing the stator outlet station geometry, the user should select
between constant hub, mid or tip radius across stator. In the current analysis, the
constant mid diameter is selected as it is more common in T/C axial turbines
(Figure 3-20). Thus,

Dref,z = Dref,l (444)
2D R Ry;
Dhub,z — ref,2 ( hub,z/ tlp,Z) (4.45)
1+ (Rhub,Z/Rtip,Z)
Dtip2 = 2 Dyeg 2 — Dpup2 (4.46)
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D — Dy
Az -1 tip,2 7 hub,2 (1 . Bz) (447)
thip,z - Di%ub,z B
A 7 2 (4.48)
€ Z cos By

For calculating the rotor geometry, the stator outlet flow conditions should
be predicted(section 3.6.2). Having established both the inlet flow conditions
and the stator geometry, the calculation process that are followed, is described in
section 3.6.2.

Regarding the rotor geometry calculations, the rotor inlet geometrical
parameters are calculated in the same way with the stator ones, using as input
both the stator outlet Mach number and the flow angle. Having established the
rotor geometry in the inlet station, the flow and the performance conditions in
both the stationary and the relative frame, required for the following
calculations, are predicted based on the procedure, presented in section 3.6.2.

Having determined the stage output power, the outlet enthalpy can be
expressed as:

Pwr,
hep = hey ———2 (4.49)

Merp

Concerning the reference diameter calculation, an iterative process is
performed by providing an initial rotor blade speed(U;) value,

U _ 2
Rers = herq + %,Tm = T(her2) (4.50)
60 U
Drez =—r (4.51)

Having computed the outlet mid diameter, the remaining of the outlet blade
geometrical parameters are calculated based on equations (4.45)-(4.48). Then,
having established the entire rotor geometry, the rotor outlet mass flow is
predicted based on the procedure presented in section 3.6.2.

Given that, the outlet mass flow is user-defined, the calculations, started
from eq. (4.50), are repeated until the error between the calculated and the
given mass flow reaches a tolerance value. Regarding the outlet initial blade
speed, it is set equal to the inlet one.
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4.4  Simplified Structural Analysis

For ensuring static and dynamic structural integrity, a simplified structural
tool is developed in the frame of this PhD thesis, consisting of two modes of
operation, aiming to perform both static and modal analysis.

4.4.1 Turbocharger turbo-components material

Generally, the most common material for T/C compressor impeller has been
aluminum alloys. The nickel alloy and titanium material also studied by many
researchers towards its implementation in impeller of the turbochargers.
Additionally, various composite materials also developed and analyzed for
matching the specific properties, required by the impeller, aiming to provide a
more lightweight option.

Considering, the T/C axial turbine, the nozzle ring is where the energy in the
exhaust gas is converted into kinetic energy. It is fabricated from a creep
resistant chromium nickel alloy, heat resisting moly-chrome nickel steel or a
nimonic alloy which will withstand the high temperatures and be resistant to
corrosion. Similarly, turbine blades are usually made of nickel chrome alloy or
nimonic material! (a nickel alloy containing chrome, titanium, aluminium,
molybdenum and tungsten) due to their good resistance to creep, fatigue and
corrosion.

Concerning T/C radial turbine material, according to Shettigar and Pesiridis
(2014), high grade stainless steels are used for both impeller and vaned nozzle.
Additionally, super alloys and high temperature alloys are suitable candidates as
exhibit excellent mechanical strength, creep resistance, corrosion and oxidation
resistance and surface stability at high temperature where the base alloy
element is nickel, Cobalt or Nickel Iron. As for compressor impeller material
choice, aluminum alloy or the more expensive titanium are used.

For the current analysis, typical aluminum alloy is chosen for the centrifugal
compressor, while for both the axial and radial turbines the user can select
between the following materials:

e Stainless steel 304, 309, 316, 430
e Nimonic Alloy 75, 81.

It is assumed that the T/C shaft has the same material with the Turbine.

4.4.2 Static Structural Analysis

The static structural analysis is based on the evaluation of two kinds of
stresses, centrifugal forces and blade bending. The Centrifugal load introduces
normal stresses due to tensile and blade bending as it is depicted in Figure 4-7.
The pressure distribution is also taken into account in bending moment
calculation(Figure 4-8), even if its effect on bending normal stress is lower than
that of centrifugal loading.

! http://www.marinediesels.info/Turbocharging/turbocharger_principles.htm
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Spanwise l

Figure 4-7: Impeller Centrifugal force.

Figure 4-8: Impeller Pressure distribution load.

For centrifugal compressor and radial turbine wheels the introduced
stresses are the following:

e Tensile stresses:
v’ Centrifugal Force.
e Blade bending stresses:
v’ Centrifugal Force.
v Pressure Distribution.
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while for the axial turbine wheel, the introduced stresses are the following:

e Tensile stresses:
v’ Centrifugal Force.
¢ Blade bending stresses:
v Pressure Distribution.

In axial impellers (in contrast to radial ones), the centrifugal load introduces
normal stresses only due to tensile, as hub surface is almost parallel to rotational
axis. The stationary components such as the vaned diffuser and axial stator are
subjected only to blade bending due to pressure distribution, as centrifugal load
is zero.

For generating a turbomachinery sub-component 3D geometry(impeller,
axial stator, etc.) using the 1D analysis geometrical dimensional parameters, a 1D
to 3D geometry tool is developed in the context of the present work.

The transformation process follows a turbomachinery sub-component blade
angle/thickness adaptation approach, based on known 3D geometries. The
correlations of the adaptation technique are presented below.

f(S)

ki(S) = £(0) Jee (4.52)
_f©
ky(S) = (1) 9ee (4.53)
k;(S) , S=0
gM) ={Ski(S) + (1-9k,(S), S=(01) (4.54)
k,(S) , S=1

The parameter S is the dimensionless distance between blade leading and
trailing edge, thus, for leading edge is equal to zero and for trailing edge is equal
to one. The f function is the corresponding known blade data, thus, it represents
both the angle (5,(S)) and thickness (t,(S)) in function of dimensionless
streamwise position, shown in Table 4-5, for each blade position while the g
function corresponds to the adopted blade data according to given leading and
trailing edge blade data (gie and gte).

Regarding the assumption made, first the blade thickness is constant across
spanwise while the blade angle in hub and tip is calculated following the free
vortex theory. About both axial turbine rotor and stator 3D geometry generation,
the equations (4.52)-(4.54) are used for blade angle function calculation, while
the thickness function across streamwise calculation is performed by creating a
second-order polynomial based on given leading, trailing and maximum
thickness values. Note that the maximum thickness dimensionless(0-1) position
is either being given as input or is the same with the one presented by Person
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(2015) for each component. Figure 4-9 illustrates an 1D to 3D transformation
example.

Table 4-5: Turbo-components Corresponding blade data.

CC-Impeller NASA B30-D2 (Medic et al. 2014)
RT-Impeller 4.59-inch Radial-Inflow Turbine (Wasserbauer et al. 1966)
KTH Legacy one stage axial
AT-Rotor . (Person 2015)
turbine
KTH Legacy one stage axial
AT-Stator ) (Person 2015)
turbine

Figure 4-9: 1D to 3D transformation.

For Vaned diffuser-nozzle, the tool follows a more simplified approach.
Specifically, it is assumed that the vane angle and thickness are a linear function
of the streamwise position and constant in the spanwise direction. Also, both
blade thickness and blade angle are assumed constant across the span.

Regarding the blade data of Table 4-5, their graphic representation is shown in
Figure 4-10.
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Figure 4-10: Blade data: (a): CC blade angle (b) CC blade thickness
(c) RT blade angle (d) RT blade thickness (e) AT stator blade angle (f) AT rotor blade angle.

0.8

Having generated the 3D sub-component geometry, both mass and spanwise
center of mass are computed, by discretizing the volume into small sub volumes
as shown in Figure 4-11.
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dG1dG2 dG3

| / /
dvi |

dv2 /
dv3 /
dva /

dvs /

dve g
/

Figure 4-11: Impeller blade and spanwise center of mass calculation along spanwise.

In each volume, both the lower and the upper areas are calculated by
considering that the blade area is divided into a sufficient number of elementary
parallelogram elements, which in turn are splitted into two triangular elements
(A and C) and one rectangular (B).

A1)
Ali+1)
Loy Ali+2
K*:‘\\* e Ali+3)
T, | Bti) | B+ [
= N B(i + 2)
B(i+3
m\«:':‘&% o
Ccli+1)
Cli+2) .
C(i+3)

Figure 4-12: Impeller blade in meridional plane.

Figure 4-13 shows the impeller blade parallelogram elements in meridional
plane.
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Figure 4-13: Impeller blade parallelogram elements in meridional plane.

Considering both the area(A) and the center of mass(y,) for all the three
elements(A, B and C), they are defined as follows:

_ ai = yaia| (=0

; i€ 23,..N (4.55)

Ay

Ye.ai = M + min(yA,i'yA,i—l) i€ 23,..N (4‘56)

Ag; = (min(yA,iryA,i—l) —max(YC,i»)’c,i—1)) (x;—xi_1) L€ 23,..N (4.57)

~ min(yau Yai-1) —max( Ve Ye,i-1)

Ye.Bi = > i€ 23,..N (4.58)
R . Xi — Xi_

Ag; = [yei — ye 12| (i 7%ie1) i ea (4.59)

Yeci = —blc‘l;#_ll + min(yc,i,yc,i_l) i€ 23,..N (4.60)
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Ai = AA,i + AB,i + AC,i l € 2,3,..N (461)

_Yeai Api + Yopidpi + Yocilc,
A;

Ye,i i€ 23,..N (4.62)

where according to the Figure 4-14, the calculation of the x and y parameters is
carried out as follows:

Figure 4-14: Impeller blade x and y parameters definition.

X; = (Sl' - Si—l) + Xi_q i€ 23,..N (463)
lp,i _ .
Vei = —7605(ﬁb,i) + 9., i€ 23,..N (4.64)
Ly, _ .
Yupi =+ 5 Cos(Bp) +Fies 1€ 23,..N (4.65)
.+ .
Vi = w i€ 23,..N (4.66)

Having established the parallelogram areas and their centers of mass, the
blade/vane area(A,;4) and its center of mass(y,s) in the corresponding
spanwise position can be expressed as:
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N
A= ) Ay (4.67)
i=2

N
Yoida,c = (Z Ve, Ai )/Abld (4.68)
i=2

Using then, both the blade/vane area and the center of mass, the
corresponding area moment of inertial(l,;;) is defined as:

2 2
i =1y +1g; +1c; + Ay ()’G,A,i - szd,c) + Ap; (yg,B,i - }’bld,a)

2 (4.69)
+ Aci Voci — Yoiag) 1€ 23,..N

N
Ibld == 2[1 (4‘70)
i=2

Then, by multiplying the average value of both areas with the equivalent sub
volume length (), the sub volume (dV) and the sub mass (dm) are computed:

Apraivt + Apiai -
Vi, = bld,l+12 bld,i I, 4.71)

dmiy, = dViy1 Pmaterial (4.72)
where sub volume the equivalent sub volume length (1) is calculated as follows:

T linlet + loutlet

ly = 4.73
. _ (473)
linier = (span;q — Spani)(Rtip — Rpup) (4.74)
loutier = (span;y, — span;)bs (4.75)

The maximum stress is based on the evaluation of two kind of stresses,
centrifugal forces and blade bending. According to Schaber et al. (2019), the
centrifugal forces can be computed as follows:

1
(Rypax — R))
Fcentrifugali = Pmaterial Wbid Z dVi % (4'76)

i=span
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which is separated into shear and normal force:
Ftensilei = centrifugali(span) Cos(45°) (4.77)

Fshear; = Feentrifugai; Sin(45°) (4.78)

In case of an axial impeller, the tensile and shear loads are expressed as
follows:

Ftensilei,AT = Fcentrifugali(span) (4.79)
Fsheari,AT =0 (4.80)

Then, the normal stress in each spanwise position is defined as:

F, ;
tensile;
Ocentrifugaltensile,i = A (4.8 1)
L

For calculating the bending stress, the impeller geometry is transformed
into an equivalent beam. In more details, the bending analysis is performed at
both the inducer (inlet) and the exducer (outlet) station, for calculating the
corresponding torque as a function of the streamwise length,

Smax(Leq) S L M’ L + M! L
Mblade(Leq) — f M'(S)ds — max( eq) ( exducer(zeq) Lnducer( eq)) (482)
0

where (s) is the integration variable and (L., ) is the equivalent spanwise length

(blade is analysed as a beam with equal length in each side), calculated by
averaging the inlet and outlet Lmax. Also, Smaxis the streamwise position as a
function of spanwise (L.,) position. By discretizing the continuous expression

(4.82), itis transformed as follows:

Smaxi (M, -+ M ;
Mblade,i — max,l( exduce;,l mducer,t) [Nm] (4.83)

where i represents the impeller blade sections from tip to hub. In the M4, ; the
centrifugal force shear part contributes as well,

Ml,)lade,i = Ml,)lade,i + Fsnear,i Li Cos(ﬁstag) [Nm] (4.84)

where [; is the distance of the middle point in i spanwise position from
hub(Figure 4-11). In next step the bending stress(gpenging,) is calculated in each

spanwise position (i):
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y max,i
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Opending,: = Mblade,il (4.85)
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Figure 4-15: ymaxi definition.

In case of Stationary components (Vaned Nozzle, Vaned Diffuser, Axial
Turbine Stator), as blade both sides are fixed, the hyperstatic blade bending
methodology is followed.

Having calculated the stress for each stress type (bending - centrifugal
force), the total stress in each spanwise position (i) is calculated as follows:

Oplade,i = Obending, + Ocentrifugalrtensile,i (4.86)

Then, the maximum stress(0,qgemax) and the corresponding safety
factor(sf) are calculated as follows:

Oplade;max = max(ablade,i) (4.87)

Oy

Ublade,max

4.4.3 Static Structural model Verification

For verifying static analysis, a fluid to structure interaction simulation(one
way) is performed, utilizing CFD and FEA software, respectively. In this analysis,
due to the fact that the results are used for verifying the simplified static analysis
tool, it is chosen to use default fine mesh size for both CFD and FEA simulations,
which offers reasonable accuracy at economic computer runtime.

According to Table 4-6, the SSA and FEA static analysis shows that the
results are close, leading to a safe estimate using the simplified model. As for the
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geometry selection, the radial and axial turbine components are the ones
presented in the corresponding validation cases(Table 3-5 and Table 3-9), while
the centrifugal compressor impeller is the one designed(Figure 6-12) in the
section 6.3.

Table 4-6: Simplified structural analysis validation with FEA.

CcC Impeller 347 MPa 369 MPa
RT Impeller 375 MPa 349 MPa
RT Vnd nozzle 3.90 MPa 3.70 MPa
AT Rotor 13.0 MPa 13.7 MPa
AT Stator 0.70 MPa 0.84 MPa

The difference between the SSA and FEA results is higher for the rotating
frame components, especially for the radial impellers where, as discussed above,
the centrifugal load affects both tensile and blade bending stresses making the
analysis more complex. For ensuring the simplified structural analysis (SSA)
ability to capture the rotating frame components maximum stress behavior in
function of rotational speed, a comparison between SSA and FEA is performed
for both axial and radial impellers for a rotational speed range, as depicted in
Figure 4-16 and Figure 4-17. The SSA model can capture the components
maximum stress behavior according to rotational speed, providing a reliable tool
during preliminary design for ensuring structural integrity.

16
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Axial turbine speed [Rpm]

Figure 4-16: Axial Turbine [Person 2015] SSA calculated maximum stress against FEA calculated
maximum stress.
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Figure 4-17: Radial Turbine [Wasserbauer et al. 1966] SSA calculated maximum stress against
FEA calculated maximum stress.

4.4.4 Modal Structural Analysis

For ensuring that the T/C dynamic operation is stable and the T/C speed
points is not close to the critical ones, hence avoiding resonance phenomena or
significant additional vibrating loads, a T/C turbo spool modal analysis is
performed. For this reason, a simplified modal analysis is developed for this
work in order to be integrated to the simplified structural analysis.

The current analysis is limited to T/C with journal bearings, placed between
compressor and turbine. Thus, the developed model, depicted in Figure 4-18,
approximates the turbo spool by considering the shaft and the two
impellers/rotors as the main elementary bodies.

’
o o
Rcmp.l.eq &= Rtr’b,l,eq
I— Fz —_— —_— —_— — —_— [ —_— B —
— Lshaft,! —‘—Lshaft.c—‘—'['shaft’r—
X
L
cmp Lt?‘b

Figure 4-18: Simplified structural modal analysis turbo spool.
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Particularly, the shaft is divided into three segments, called elastic sub-
shafts; the one between the two journals (shaft center), the one supporting the
compressor impeller (shaft left) and the one supports the turbine impeller (shaft
right). Each shaft segment and compressor/turbine wheels are approached as
discrete discs (five in total), described by mass and inertia. Each mechanical
connection between two neighboring discs is considered as a linear spring in
order to take the shaft elasticity effect on provided vibrations into account.

Additionally, the journal bearings are represented by a pair of linear spring
and absorber for estimating both bearing elasticity and friction. In this analysis
both lateral displacements (x,y) and rotations (0%, 8y) due to bending moments
are treated as degrees of freedom for each body separately, analyzing in that way
the vibrations caused by gyroscopic phenomena [Nguyen-Schafer 2015].

Concerning axial displacement (z) and rotational turn (0.), they are
excluded from the analysis, as imbalance operating conditions are not the aim of
current study. For this reason the thrust bearing is not included in the simplified
modal model. Specifically, for the current analysis, it is assumed that the shaft
consists of two journal bearings and is separated into three elastic sub-shafts
(left, center and right shaft). Both compressor and turbine components are
assumed to be conical frustum rigid bodies, with inlet and outlet equivalent
radius (Eq. (4.89)).

Rieq = Rpup,i + Bi hpa,i (4.89)

The journal bearing damping and stiffness coefficients, used by Nguyen-
Schéfer (2015) in his test cases, are used. Each sub-shaft lateral and circulant
stiffness coefficients are calculated as follows:

EA
Kx,y == T (490)
G1

For creating the rotordynamic differential equations system, the turbo spool
model is transformed into an equivalent one (Figure 4-19) with 20 degrees of
freedom in total, consisted of two lateral displacements and rotations for each
one of the five discrete discs.
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Figure 4-19: Turbo spool equivalent model.

To elaborate further, the modal analysis model is defined as follows.
Regarding the lateral displacement, the gyroscopic effect variables and the
transverse mass moments of inertia, they are expressed as a vector:

<[ o=[5] 0 -1

Starting with the shaft center body, its lateral motion is expressed as:

mg ¢ Xs,c + 2 Cpr Xs,c + @s,c,x =0 (4.93)

ksc kbr ktrsc ktr br
ktrs [4

SC+kbr +ktrbr

where (m; ) is the shaft center body mass, (cp,-) and (k,-) are the bearing lateral
damping and stiffness coefficients, (k ;) is the body lateral stiffness coefficient,
(k¢rpr) and (k¢ sc) are the shaft center and bearing interaction stiffness
coefficient, respectively.
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The shaft center body rotation is defined as:

. . . kigcokypr
]s,c @s,c,i + Is,c,zz 0 @s,c,j + 2 Cr,br @s,c,i + k S,C,l
7,S,C
2 + kr,br
(4.94)
k k
+ v tr,s,c ™tr,br XS,c =0
ta,s,c + ktr,br

where (¢, p,)and (k,g.) are the bearing circulant damping and stiffness
coefficient, (k, ;) is the body circulant stiffness coefficient, (I, ,,) is the body
polar mass inertia and {2 the angular velocity.

Both the right and left body lateral motions are described as follows:

ks r ks,r kbr ks r

Mgy Xgr + 2 Cpr Xop + —+ X, — - X
F
(4.95)
k k k k
+ tgs,r + kt tr,s,r “tr,br @s,r,i _ t;,s,r @T,i 0
7,51
2 + ktr,br
.. , k ki k k
mg, Xs,l + 2 Chr Xs,l + %’l + k s Xs,l - il XC
(4.96)
k k k k
+ t;,s,l kt tr,j,l tr,br @s,l,x _ t;,s,l @C,x -0
7,5,
2 + ktr,br
while their rotation as:
]s,r és,r,i + ]s,r,zz 0 @rr,j + 2 Crbr Qs,r,i
+ kr,s,r + kr,s,r kr,br @ _ kr,s,r 0
k S,1,i T,i
2 . 2 (4.97)

ktrsr ktr br ktrsr
+ | kersr + ~ ' Xer ——— Xr|=0
[( e ktr,s,r + ktr,br T 2 r
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]sl s,Li +-|'Islzz-Q Qsl] + Zcrbr @s,l,i

k k.o k k
+ rz,s,l + r r,j,l r,br 05,1,1’ _ r2,s,l QT,L'
7,8,
2 7,br (4.98)
kersi Kerp
+ ktr,s,l + ktrj—rr Xs,l - ktr,s,l Xc|1=0
7,5,
2 + ktr,br

where (mg,) and (mg;) are both the right and left shaft body masses, (k) and
(k ;) are the corresponding lateral stiffness coefficients, (k,,) and (k, ;) are
the corresponding circulant stiffness coefficients, (I, ,,) and (Is,,,) are the
bodies polar mass inertias.

Regarding the compressor and turbine wheels, their lateral motions are
expressed as:

ke k k k

me X + — " X, — % Xs,r] + [ t;” 0r; — % @w-] =0 (4.99)
ks, k k

me X, + —= Xc - kst Xsl] [ 2L i f;” @S,u] -0 (4.100)

while their rotation as:

.. . k k
JrBri+ 1 007, + |20 07, - 20 0,

2 T
Ker,sr Kersr (4.101)
+ [ L Xy = =2 X, = 0
) . k k
JeBea+les 000, + |2t 0, - 0,
ktr,s,l ktr,s,l (4.102)
+ [ 2 XC - 2 XS,l = 0

where (my) and (m.) corresponds to both the compressor and turbine wheel
mass, (I, ,,) and (I, ;) are the wheels polar mass inertias.

Having established the differential equation system, for calculating the
desired eigenfrequencies as function of the angular velocity for each mode and
the decay rate, the 20x20 second order equation system is transformed into an
equivalent 40x40 first order one as:

E] - [—Mo-lK —Ml-lc] [i] =4 [i] (4.103)

where M is the diagonal matrix containing mass and mass inertia moments, K is
the stiffness coefficient matrix, C is the damping coefficient and the array z is
defined as:
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x [ scx [ysc] 0503’
ex xsr srx Iysr ery
zZ = y X = xsl =\Ysix | Y = gs,l,y (4.104)
0, [ [9“} IyT leTyJ
HCx ecy

Finally, both the eigenvalues and eigenfrequencies of A matrix are calculated
via a python modulel, for defining the decay rate and generating the Campbell
diagram. Note that the conjugate values of eigenfrequency matrix are removed.

For this work, in order to reduce the optimization time, the variables Ls)/ Ls
and L)/ Ls are set equal to 1/3. Also, for simplicity, the shaft material is chosen
to be the same with turbine. As for the shaft size, it is assumed that the shaft
internal radius to compressor hub radius ratio is equal to 0.5 and the shaft
external radius to compressor hub radius ratio is equal to 0.8. The turbo spool
dynamic structural integrity criteria are the followings:

max(a) <0 (4.105)
wm1(N) # 2(N) (4.106)
wmz(N) # 2(N) (4.107)

445 Modal Structural Analysis evaluation

For evaluating the present model, a modal analysis is performed, conducted
within commercial 3D modal analysis software?, which input data are presented
in Table 4-7. For simplicity, during the validation test case both compressor and
turbine impellers are chosen to be typical aluminum alloy as 3D commercial
modal analysis requires more complex setup in case of multi-material analysis.

Table 4-7: Validation Turbo-siool velociti.

Ninin 32117 Ninax 65946
Ricmpeq 0.014602 Roubeq 0.014602
R3 cmp.eq 0.069 Ry cmp.eq 0.069

Loy 0.11 Ly, 0.08

L, 0.1 Rsint/ Rhub,1,cc 0.5
Rs,ext/Rhub,1,cc 0.8

! https://numpy.org/
? ANSYS Modal: https://courses.ansys.com/index.php/courses/modal-analysis/
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Figure 4-20: Simplified structural modal analysis Campbell diagram validation for modes 0,1,2.

Concerning the Campbell diagram modes selection, the modes, revealed by
significantly higher magnitude, are grouped considering the symmetric ones of
both compressor and turbine impellers. Specifically, the first mode corresponds
to cylindrical gyroscopic effect while the second one corresponds to conical
gyroscopic effect [Chatzisavvas et al. 2017].

The results, depicted in Figure 4-20, reveal a sufficient agreement between
the developed model and the commercial one. Both modal models predict that
none of the examined eigenfrequencies would cause any resonance operating
cases, while all eigenfrequencies seem to be almost unchanged as the rotor speed
varies. The reason is that the turbine and compressor have similar mass and
inertia, while the shaft is splitted into three sub-shafts with equal mass and
inertia each.

4,5 Modification of the centrifugal compressor

The CC meanline model, presented in the Chapter 3 is basically a single zone
meanline model. In contrast to a three zone meanline model (eg. Stuart et al.
(2017), (2018)), the basic disadvantage of the current one is its inability to
calculate the impact of impeller outlet blade length in recirculation and active
flow region generation and the volute losses due to 3D effect, which increase as
the inlet width increases significantly.

For this work, the single zone approach is selected as more appropriate, as
the development of a three zone model requires a series of CFD simulations for
calculating the relationship between flow coefficient, specific speed and
aerodynamic blockage.

1D compressor design processes, utilizing single zone meanline models,
usually lead to both large impeller outlet blade length and volute inlet width with
intensive 3D effects that are perceived only with 3D CFD analysis.

For overcoming this issue, an impeller outlet blade length restriction is
developed. To elaborate further, using a number(13) of compressor measured

165



Chapter 4. Automatic Turbocharger design process

geometries, provided by T/C company!, the compressor outlet to inlet area ratio
is calculated as a function of design flow coefficient, assuming that specific speed
does not affect the aerodynamic blockage. A correlation is established as shown
in Figure 4-21.

0.8
A3/A1=-1.5170+ 1.0137
R?=0.9205
0.7 ]
2
w06
<

0.4

0.2 0.25 03 0.35 04
Flow Coefficient

Figure 4-21: A3/A1 as a function of flow coefficient.

The negative trend is evident in accordance to Stuart et al. (2018). Thus, the
following constraint,

A
A—3 — (=151 ® +1.0137)| < 5% (4.108)
1

is implemented into the optimization procedure.

4.6 3D centrifugal compressor design process

The 3D design process follows an optimization procedure, redesigning the
compressor, using the preliminary design geometry as a starting point. For the
impeller, the initial 3D geometry is generated from the 1D to 3D transformation
tool, presented in the section 4.4.

For the 3D optimization process, an in-house utility function is developed,
with the aim to run specific sub-processes in the background, such as flow
domain meshing and flow domain modeling, in order to automate the
compressor CFD performance prediction. Figure 4-22 shows the vaneless
diffuser compressor 3D model, integrated into the optimizer.

! www.turbomed.gr
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Figure 4-22: Compressor 3D design process overall flow chart.

In each optimization cycle, using dimensional geometrical variables, a 3D
geometry is generated for each component (impeller, vaneless diffuser and
volute). Regarding both the impeller and volute geometry, they are transformed
in a proper CAD form?. All sub-domains (impeller, vaneless diffuser and volute)
are then meshed. Note that the sub utility function which is aimed to replace the
meshing GUI has as input the given meshing properties (mesh size, expansion
rate, etc.). Then, the compressor fluid domain is created, by assembling the
individual components. The boundary conditions, the fluid properties and the
relative to stationary interface connection are set for each operating point,
including the one with the highest load. After a solution is reached, the software
calculates the given by CFD performance conditions in outlet (pressure ratio,
efficiency, power) and transforms them to a form that the optimizer can read,
while checking if the solution is converged.

! Impeller: ANSYS blade gen

Volute: ANSYS Design modeler
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The in-house utility function treats the simulation sub-tools as black box
software. Thus, each sub-tool can be easily replaced with both in-house and
commercial tools (CFD solver, FEA solver, meshing, etc.).

Then, the main and the splitter blade solid domains are generated. A 3D
static structural analysis is then performed, using the highest load CFD results
and imposing them to the blades as a load. Thus, the safety factor is estimated, in
order to check the structural integrity of each solution.

The optimization method, used in the 3D design process, is also user
defined, similar to the preliminary design process. For this study, the commercial
optimization tool! evolutionary algorithm, based on Rechenberg (1989) and
Schwefel (1993) works, is selected, as it is extremely flexible with black-box
software. Concerning the initial geometry, it is generated by coupling the
preliminary design and the 1D to 3D transformation processes.

Regarding the compressor optimization variables, the ones that correspond
to the impeller are separated into two groups, a graphic representation of which
is depicted in Figure 4-10. The group A consists of the blade shape variables
while the group B consists of the meridional plane dimensional geometrical
variables.

e Group A: Bhub,1, Bhub,b, Bhub,3, Btip,1, Btip,ar Pip,bs Btip,3, thub, thub, thub3, tip,1, tiip,a
ttip,3
e Group B: Z, Rhub,1, Rhub, a, Rhub,3, R4, Rtip,1, Rtip, a, Rtip,3, Xhub,a, Xhub,3, Xtip,a, Xtip,3

Concerning variable ranges, all blade angle parameters can vary from 0° to
900, while the blade thickness ones vary from user defined lower limit(CNC
milling machine limit) to +20% of initial geometry thickness. About the rest of
the impeller variables, they vary from -20% to +20% of the initial geometry
ones.

! Isight & SIMULIATM Execution Engine - Dassault Systémes®.” [Online]. Available: https://www.3ds.com/products-
services/simulia/products/isight-simulia-execution-engine/
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Figure 4-23: Compressor optimization variables: (a): Group A (b) Group B.
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Volute variables consist of the inlet radius and the elliptical parameters
(b/a) in every 45° cross sections(Figure 4-24). The outlet(360°) cross section is
set as circular.

B

Figure 4-24: Semi external volute cross sections.

As the computational resources are limited to a 4 core 16GB RAM
workstation, one optimization cycle last about 3.5 hours.
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4.6.1 Centrifugal compressor CFD flow model

Regarding the simulation software, the fluid properties and the flow model,
they are described in section 3.7.2.

Concerning the timescale of the pseudo-transient solution method, a
physical timescale(dt) is selected,

(4.109)

l 0.1 10 l
dt =

)
wimp wimp

where w;;, is the impeller angular velocity in [rad/s]. The physical timescale is
suggested to be dynamically changed during CFD solving from lower to upper
bound, in order to ensure reasonable convergence speed(under 300 second level
iterations!) while avoids possible startup fatal solver errors due to unstable
effects. [ANSYS Inc. 2011]

4.6.2 Centrifugal compressor CFD boundary conditions

The CFD analysis requires a connection between the rotating(impeller) and
stationary domains(volute). There is an interface connecting the two
domains(impeller with diffuser-volute), so when a change occurs in one domain
it would be transferred to the other.

For this analysis, the frozen rotor model is utilized. This model, which is also
known as multiple reference frame (MRF) model, treats the flow from one
component to the next by changing the frame of reference across the interface,
while keeping the relative orientation of the components fixed. The position of
the mesh elements does not change between the two interfaces. The frozen rotor
model produces a steady-state solution at each time instant, taking into
consideration the two frames interaction, but the phenomena, varying with time,
are neglected.

Regarding the impeller domain, a single impeller passage domain is
modelled in order to reduce the computation time as the flow can be assumed to
periodic. Since the impeller is treated as a single blade passage domain while the
volute as fully 360° one, the solver is unable to calculate automatically the
change in the sector size on either side (known as pitch change) based on the
area ratio of the sides of the interface, especially in the current case where the
change in the sector size on either side of the interface is huge. Thus, the pitch
change is selected as user-defined and is expressed as:

1

pitch change value = (4.110)

FB,imp

where Zgg iy, is the impeller full blade number(main and splitter blades).

" In ANSYS CFX there are two levels of iterations. The first level is the linear solver, which is solving the linear equations in
matrix form, utilizing multigrid solver. These iterations are invisible. The second level captures the non-linear nature of the
Navier Stokes equations. These iterations are visible.
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As for the CFD boundary conditions, all walls are modeled as no-slip wall
boundaries, apart from the shroud wall, which is modeled as a counter-rotating
wall. Additionally, rotational periodic interfaces are used on the outer sides of
the impeller blade passage.

The unavoidable tip clearance between the blade tip and the casing shroud,
plays an important role on the performance and characteristics of a compressor,
thus, interfaces are also set up within the tip clearance region. Considering the
thermal conditions for the wall boundaries, these are adiabatic.

The impeller inlet is set as subsonic inlet boundary. For the inlet boundary,
the total temperature, total pressure and flow direction are specified. The total
temperature is 288.15 K, the total pressure is 1 atm and the inlet flow direction
is axial.

The inlet turbulence intensity(I) is set equal to 5%, as given in eq. (3.306).
Considering outlet boundary conditions, mass flow rate is imposed. The
centrifugal compressor flow domain is depicted in Figure 4-25. Concerning the
CFD convergence criteria, they are:

e Velocity and Energy RMS residuals <=10->

e Velocity and Energy imbalance <0.1% (Used to ensure that
compressor is operates stably)

e Compressor pressure ratio and efficiency deviation from the average
ones, calculated from the past 50 iterations) have to be lower than a
tolerance value.

Figure 4-25: Centrifugal compressor flow domain?.
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4.6.3 Centrifugal compressor mesh generation

Regarding the CC mesh generation, it is performed separately for both
impeller and diffuser-volute domains. For meshing volute, the multi-zone
method is applied, providing automatic decomposition of the body geometry into
mapped and free regions. An description is placed in section 3.7.4.

Considering the impeller mesh generation(Figure 4-26), a turbomachinery
oriented mesh-generation tool?, included in the current CFD package, is utilized.
This meshing tool has a large degree of autonomy, which leads to a less time-
consuming meshing.

The grid is divided into different structured blocks that act as a framework
for the positioning of the mesh. The blocks are positioned by default to achieve
the desired grid conditions. Each topology block handles the details of the
topology surrounding a blade. Each block contains a specific number of mesh
elements. The mesh elements vary in size across each of the topology blocks to
achieve a smooth transition between blocks. The smooth transition is achieved
by node biasing, which also helps reduce the number of mesh elements. ‘ATM
Optimized’ topology method is also employed.
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Figure 4-26: Impeller 3D mesh.

For meshing the tip clearance region in the impeller domain(Figure 4-27),
the match expansion at blade tip method is employed. With this method, the
clearance region grid is automatically adjusted based on the entire impeller
mesh size.

! https://www.ansys.com/products/fluids/ansys-turbogrid
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Concluding, the impeller mesh size is approximately 2 million nodes while
volute mesh size of about 1.6 million nodes achieving a maximum y+ value of the
first nodes off the wall about 2.6 and 2.1 respectively. Both mesh sizes result
from mesh independent study. The impeller mesh independent study is depicted
in Figure 4-28 while the volute one is presented in chapter 3.

Both components y* values are lower than five, which ensures according to
the CFD software manual that the CFD model captures the laminar and
transitional boundary layers correctly. [ANSYS Inc. 2011]

Shoud wall

()

Figure 4-27: Impeller mesh in: (a) periodic surface in clearance region (b) tip surface.
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Figure 4-28: Impeller mesh independency study.

4.6.4 Centrifugal compressor CFD model validation

Concerning CFD model setup validation, the NASA B30-D2 (Figure 4-29)
vaneless diffuser centrifugal compressor is selected [Medic et al. 2014].

Figure 4-29: NASA B30-D2 Impeller 3D geometry. (Medic et al. 2014).
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The validation study is limited to impeller and vaneless diffuser as there is
no available volute geometry. This geometry corresponds to a transonic
compressor, which was studied as both vaned and vaneless diffuser with a NASA
in-house CFD code[Medic et al. 2014]. Between them, the vaneless diffuser
compressor is chosen as more relative to the current work. The maximum error
between the only available efficiency curve and the CFD simulation results is less
than 0.5%. The comparison is shown in Figure 4-30.
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Figure 4-30: CFD compressor model validation. (Medic et al. 2014)

4.7  Summary and Discussion

In this chapter, the automated T/C design process was presented. It basically
provides a design solution which is characterized by bothstructural integrity and
matching quality with the entire T/Ced diesel engine system and its
manufacturability.

A weighted single-objective optimization procedure is followed, in order to
design a turbo-component or a T/C to match the entire system in an improved
way, while ensuring its static and modal structural integrity.

Taking advantage from the usage of dimensionless parameters as
optimization variables with defined ranges, it was shown that it can provide a
more general and automated design process, since it does not require neither the
optimization variables ranges nor the initial geometry to be redefined for
different T/C scales, using the certified shop trials data as the only inputs.
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Focusing on the dimensionless variables usage, the preprocessor
philosophy, its correlations and the coupling with the meanline model were also
presented.

For ensuring the static and the modal structural integrity, a simplified
structural analysis tool was developed, that integrates a 1D to 3D transformation
sub-tool which, in turn, allows the calculation of the required blade mass, center
of mass, and the area moment of inertia.

Finally, a 3D high fidelity design procedure was presented, utilizing
commercial 3D CFD and FEA tools, which is limited to vaneless diffuser CC
design. Taking advantage from the coupling with the preliminary design tool, the
detailed design does not rely on an initial 3D geometry either, which in many
cases is not even available.
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Chapter
5 Automatic Turbocharger

Retrofit process

In the current chapter, an automatic T/C retrofit process is presented. All
T/C retrofit options are analyzed, including all available turbo-components
examination processes and criteria in order to select the one that best matches
the entire engine system, aiming to retain or improve the diesel engine
efficiency.

A retrofit process that relies on the engineer’s personal judgment may not
be optimal and thus a T/Ced diesel engine unnecessary degradation may occur.
With the use of an automated process as the one presented here, it is guaranteed
that the best retrofit solution will be provided. Additionally, the automation of
such a process will improve greatly the productivity of T/C manufacturers by
decreasing the time spent in tasks such as, searching for available components,
matching, analyzing and re-designing a new one.

51  General description

The process provides an automatic T/C retrofit solution, by examining all
turbo-components (compressors and turbines) available in a data base. It selects
the one that best matches the entire engine system, aiming at retaining or
improving the diesel engine original efficiency, certified during shop trials.
Basically, it sorts all available turbo-components, the technical specifications of
which are stored in a database, according to the matching quality(section 3.8)
and the calculated overall performance. Additionally, a capability of checking
specific turbo-components as retrofitting parts is provided, leading to a high
computational cost reduction, if specific original T/C component (e.g. turbine) is
available.

In case that the best fitted T/C does not fully satisfy the matching criteria,
the process also integrates a flow trimming sub-tool for compressor or turbine
that adapts the T/C performance in order to satisfy the matching requirements.
During a retrofit procedure, four options are analyzed, aiming to guide the T/C
manufacturer in opting for the most suitable one, based on system matching-
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performance and manufacturing economic analysis. Regarding the retrofitting
options, they are the followings:

e Option 1: T/C component (Compressor or Turbine) retrofit, using the
corresponding available turbo-components.

e Option 2: Entire T/C retrofit, using available compressor and turbine
pairs.

e Option 3: T/C component re-design (compressor or turbine optimization).

e Option 4: Entire T/C re-design (compressor and turbine combined
optimization).

For making the T/C retrofit process fully automated, the current process,
taking advantage from the T/Ced diesel engine simulation process(Chapter 3),
utilizes 1D meanline models for calculating turbomachinery components maps
and a fully coupled process for integration with the turbomachinery components
and the diesel engine.

5.2  Turbo-component retrofit

The turbo-component retrofit process refers to a component (e.g.
compressor) replacement, while the other turbo-component (e.g. turbine) is
retained. The new component is chosen from the inventory of available ones
based on its performance characteristics, aiming to provide the best choice
among those. The current option is the one with the lowest process cost as only
one component is replaced. Figure 5-1 depicts the option 1 retrofit process.

Specifically, it calculates the overall T/Ced diesel engine fuel consumption
and matching quality for each available turbo-component. Then, sorts them
based on their fuel consumption and their matching quality. In case a turbo-
component does not satisfy the matching criteria(section 3.8), it is excluded from
the results sorted list, as an infeasible solution.

The average diesel engine fuel consumption is calculated as follows:

. Z hr; Tflf Li
M el = éTL”“ (5.1)

where i is the diesel engine operating points and hr; the corresponding operating
hours.

Concerning the structural integrity, both the static and the modal structural
analysis should be carried out. It is assumed that each turbo-component, having
been part of a commercial T/C, it is designed to be structurally safe from both
static and modal analysis perspective. Assuming that the T/C maximum speed is
close to design speed, then the retrofitted T/C static structural integrity is
automatically ensured. However, this assumption cannot be applied from a
modal analysis perspective, due to different turbo-components coupling. Thus, a
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simplified modal analysis is performed, extensively described in section 4.4,
ensuring the retrofit solution structural modal integrity.
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Figure 5-1: T/C Turbo-component retrofit.

5.3  Entire turbocharger retrofit

Considering the entire T/C retrofit process, both turbo-components are
replaced with available ones. The process chooses the best fitted turbo-
component pairs, according to the overall fuel consumption, while ensuring
matching quality and structural integrity. The Figure 5-2 depicts the option 2
retrofit process, where the overall diesel engine fuel consumption is calculated
based on equation (5.1) and the constraints are the same with the ones used in
option 1.
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Available turbo-components data base

End

The available turbo-components data-base, developed in this PhD thesis,
includes 13 different T/C geometries, provided by a T/C manufacturing
company!. These geometries are used as input in the compressor and turbine

meanline models, in order to generate the corresponding performance maps.

Concerning the data base portfolio(Figure 5-3), it comprises single stage
turbochargers, capable of satisfying mass flow rates between 0.61 kg/s to 2.5
kg/s, hence allowing a flexible retrofit for a given engine application with defined
engine power range.

Finally, each time a new turbo-component performance prediction is
performed, automatically its geometry and its performance map are both
inserted to the database.

! www.turbomed.gr
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Figure 5-3: Database T/C mass flow and weight range.

5.5  Trimming sub-tool process

In case the best-retrofitted T/C does not fully satisfy the matching criteria, a
trimming process can be performed for compressor or turbine, in order to adapt
the performance map to satisfy the matching quality and the stable operation
requirements. According to Swain and Engeda (2014) there are 2 trimming
approaches, the flow (Figure 5-4a) and axial (Figure 5-5a) trimming.

The flow trimming reduces mass flow while maintaining both pressure ratio
and efficiency as shown in Figure 5-4, where both the impeller head coefficient
and its isentropic efficiency against flow coefficient are predicted for each
defined flow trim. In this figure, the flow coefficient for each trimmed impeller is
normalized by the choked flow coefficient. As Swain and Engeda (2014) point
out, the relative flow range (that is, the stall margin) actually increases with flow
trimming.
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Figure 5-4: Flow-trimmed impeller: (a): Meridional trim profile (b) Head coefficient against
flow coefficient ratio (c) Isentropic efficiency against flow coefficient ratio. [Swain and Engeda
(2014)]

According to Rodgers (2001), the impeller flow trimming is limited to a
range of specific speeds between 0.5 and 1.2. A later study by Zhang et al. (2010)
showed that an impeller with a baseline specific speed of 0.06 was flow trimmed
to 75% of its original blade height and found that flow trimming could be applied
to low specific speed impellers but recommended that trimming be limited to
50% of the baseline blade height. So, the proper percentage of blade trimming
depends on the baseline impeller geometry.

Regarding the axial trimming process, it reduces pressure ratio without
adversely affecting the flow range or impeller efficiency as depicted in Figure
5-5, where both the impeller head coefficient and its isentropic efficiency against
flow coefficient are predicted for each defined axial trim. Basically, with this
mechanism, the pressure ratio is reduced in the passage, leading to higher
throughflow velocity. According to Swain and Engeda (2014), the axial trimming
is limited at some point by the reduction of the choked flow rate, which in the
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Swain and Engeda (2014) case, presented in Figure 5-5b, is the 60% trim. This
reduction in choked flow is due to the fact that reducing the passage area in the
radial portion of the passage moved the choke point from the inlet to the
passage.
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Figure 5-5: Axially-trimmed impeller: (a): Meridional trim profile (b) Head coefficient against
flow coefficient ratio (c) Isentropic efficiency against flow coefficient ratio. [Swain and Engeda
(2014)]

5.6  Summary and Discussion

In this chapter, an automatic T/C retrofit process was presented. Utilizing
the T/Ced diesel engine simulation process, it examines all turbo-components
(compressors and turbines) available in a data-base, in order to select the one
that best matches the entire engine system, aiming at retaining or improving the
diesel engine original efficiency, certified during shop trials.
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Basically, it sorts the available turbo-components, the technical
specifications of which are stored in a database, according to the matching
quality and the calculated overall performance. Additionally, a capability of
checking specific turbo-components as retrofitting parts is provided, leading to a
high computational cost reduction, if specific original T/C component (e.g.
turbine) is available.

Also, a manual trimming sub-tool is integrated, in order to adapt the T/C
performance, in case that there is no available retrofit solution that can fully
satisfy the engine operation requirements.
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6 Application case A:
Turbocharger Retrofit and
Redesign

The T/C design and retrofitting processes presented in the previous
chapters are applied in a retrofitting case study, where all theretrofitting options
presented in Chapter 5 are analyzed. Considering the diesel engine, a T/Ced 5-
cylinder 4-stroke diesel auxiliary engine is selected for this test case, the
technical specifications of which, including its certified shop trials, are extensivly
described in section 3.8.

In the first and second option, a T/C retrofitting is carried out, examining all
available turbo-components.

In the third option, a compressor designing is performed, following a
weighted single-objective optimization procedure, in order to provide an
improved retrofitting solution, aiming to at least reconstituting the original
diesel engine performance, while ensuring compressor structural integrity.
Taking advantage from the usage of dimensionless parameters as optimization
variables with defined ranges, a more general and automated design process is
provided since it does not require neither the optimization variables ranges nor
the initial geometry to be redefined for different T/C scales, utilizing existing
shop trials data as the only inputs.

In the fourth option, similarly to option 3, a weighted single-objective
optimization procedure is employed to design both the compressor and the
turbine to match the entire T/Ced system in an improved way. The optimization
process focuses on engine fuel consumption reduction for the engine range of
operation, while ensuring appropriate matching between the turbomachinery
components and the diesel engine. The structural integrity (static-modal) for
both turbo-components is ensured by using a simplified structural and modal
analysis. Additionally, volute surrogate loss models, trained with CFD data, are
also provided for both CC and RT as option, allowing for a more detailed design
process. The process produces four T/C (compressor and turbine) improved 1D
geometries (if it is possible), of different possible T/C configurations, namely
vaneless diffuser centrifugal compressor - axial turbine, vaned diffuser
centrifugal compressor - axial turbine, vaneless diffuser centrifugal compressor
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- radial turbine, vaned diffuser centrifugal compressor - radial turbine. This way
the combination that gives the best improvement in the diesel engine operation
is identified.

Finally, a techno-economical assessment is carried out, analyzing all four
retrofit options in order to propose the most profitable one.

6.1 A turbocharger retrofitting with selected turbo-components

A T/C retrofitting with selected turbo-components is carried out, aiming to
guide the T/C manufacturer in opting for the most suitable one. The selection is
accomplished by sorting the available turbo-components, the technical
specifications of which are stored in a database(section 5.4), according to the
matching quality(section 3.8) and the calculated overall performance eq. (5.1) .

In the current section, the replacement of both a T/C component and entire
T/C is studied.

6.1.1 Option 1: Compressor retrofit

In the first option, a retrofit process is performed by choosing a compressor
individually, while retaining the original turbine. The retrofitted compressor
operating line is presented in Figure 6-1, showing the matching quality with the
entire diesel engine system.

A 0.8% increase in SFC at nominal operational point is also noticed (Figure
6-2). Also, comparing both original turbine operating lines before(Figure 3-43)
and after retrofit(Figure 6-2), it can be seen that the line lays in lower efficiency
areas after retrofit, hence contributing to the engine SFC increase.

Considering the significant T/C speed drop(about 12%), it is caused due to
the higher capacity CC(higher pressure ratio) usage, shown in Table 6-1,
combined with the turbine efficiency reduction.

The retrofitted compressor is chosen from the inventory of available
compressors, which already exists and have their corresponding performance
characteristics. The process makes the best choice among those, but even the
most suitable one is not perfectly fitted for the given diesel engine.

Table 6-1: Geometrical iarameters chanie between baseline and retrofitted comiressors.

R, 1 27%

Ryip,1 2%

R; 11%

R4 14%
Main Blades -1
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For further demonstrating the process capabilities, the flow trimming
process, presented in section 5.5, is applied in the retrofitted compressor. This
process, by cutting the compressor blade tip, moves the stall line away from the
operating line. This process capability is applied in case that compressor

operates close to stall line.

The performance maps for trimmed compressors by 5 and 10% along with
T/C operating line are shown in Figure 6-3. Both trimmed compressors ensure
the T/C stable operation and the matching quality between compressor and the

entire diesel engine system.
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Figure 6-3: Trimmed compressor performance maps and operating lines.

The trimmed compressor by 5% is considered more appropriate because
the specific fuel consumption increase is negligible compared to the 10%, as
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Figure 6-4 shows. Additionally, the T/C maximum speed is slightly higher by 5%,

although having a maximum speed lower than design speed, hence not working
in over-speed conditions.
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Figure 6-4: SFC change for trimmed compressors retrofit.

6.1.2 Option 2: Entire turbocharger retrofit

In the second option, a retrofit process is carried out using available
compressor and turbine. The best fitted T/C is the one that consists of the
compressor, chosen in option 1.

The T/C speed does not exceed the nominal value, hence decreasing the
chance of bearing failure due to over-speed. However, due to the turbine
replacement, the maximum T/C speed increases about 11.37% (Figure 6-1 and
Figure 6-6). Regarding the turbine comparison between both the baseline and
the retrofitted one, they both have similar impeller geometry(Figure 6-5).

Although, the vaned nozzle existence in the retrofitted one justifies its more
efficient operation.

\

@ ()

Figure 6-5: Turbine geometry: (a): Baseline (b) Retrofitted

191



Chapter 6. Application case A: Turbocharger Retrofit and redesign

T

38

Compressor Pressure Ratio
[
o

N
NN

18 /
J s
L 0.3 Nominal operating point]
L
; L<
1.0
0.2 12 14 1.6
0.51
o 1
a7 7 00705

[ S -
==

0.85

0:65

06 \
(%)

0.5 \

Nominal operatin point

Turbine mass flow cor*Nelkgls]

045

w
7

)// Option 2 Turbine

11 14 17 20 23 26 23 32 35 38

Turhine Pressure Ratin

()

Figure 6-6: Retrofitted map and operating line (Option 2): (a) Compressor (b) Turbine.

192



For the SFC line, a slight increase in nominal operating point about 0.27% is
shown in Figure 6-7.
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Figure 6-7: SFC change for entire T/C retrofit.

Concluding, the current option provides a slightly better retrofitting solution
(Figure 6-2 and Figure 6-7), having lower specific fuel consumption in
comparison to Option 1. However, it should be noted that the replacement of
entire T/C, instead of the compressor, increases the process cost, hence making
Option 2 less attractive.

6.1.3 Structural Integrity analysis

During the retrofit process, it is important to ensure that the solution is
structurally safe. It is assumed that each turbo-component, having been part of a
commercial T/C, it is designed to be structurally safe from both static and modal
analysis perspective. Due to the fact that in both retrofit options, the maximum
T/C speed is close to the nominal one, their static structural integrity is
automatically ensured. Although, this assumption is not met from a modal
analysis perspective, due to the change in the turbo-component pair, hence
requiring a modal analysis verification.
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According to the results, provided by the simplified modal analysis
tool(section 4.4.4), both retrofit solutions operate stably with underdamped
behavior. Analyzing the Campbell Diagram, depicted in Figure 6-8, both retrofit
solutions have similar behavior due to their similar size. Also having acceptable
distance from the synchronous speed, the resonance avoidance is ensured.

1200

= = = SYCHR Mode 1 (Option 1)

100 | ==- Mode 1 (Option 2) Mode 2 (Option 1) _ -

— — — Mode 2 (Option 2) -

800 - -

600 o

Eigenfrequency

400

200

- -
— -
-— o e -
- -
— o — - —

25000 30000 35000 40000 45000 50000 55000 60000
T/C speed [Rpm]

Figure 6-8: Option 1 and 2 Campbell Diagram.

6.2  Turbocharger compressor re-design(Option 3)

For option 3, it is assumed that the engine operates at 50% and 75% load,
with equal operation time for each load. For presentation purposes, it is assumed
for compressor redesign process that there is no available diesel engine model.
Thus, the optimization objective function can be expressed as:

max:z' = 0.5 Nempso + 0.5 Nemp 75 (6.1)

As nominal point, the one which corresponds to 75% engine load is chosen.
The highest speed operating point is the one which corresponds to 110% engine
load. Finally, the impeller material is chosen to be Aluminum Alloy 7075 T651.
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6.2.1 Turbocharger compressor preliminary design analysis

The compressor mass flow, speed and power are used as the basic input
data, available from shop trials. In particular, default parameters values are used
for optimization process initialization.

With T/Ced diesel engine performance analysis being carried out, the
improved compressor operation is predicted. The T/C operating line on the
compressor performance map is presented in Figure 6-9. The design process
provides a CC with a 1.99% and 1.59% efficiency increase in 50% and 75%
engine load, respectively (Figure 6-10).
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Figure 6-9: 1D improved compressor map and operating line.

Regarding the specific fuel consumption, a 0.24% decrease in 50% and
0.31% in 75% engine load is noticed (Figure 6-10), leading to an overall 0.27%
fuel consumption reduction. It is obtained that even with this efficiency increase,
the SFC seems to slightly decrease, showing the importance of the entire T/C
redesign.

Finally, as T/C is an auxiliary part of the diesel engine, its redesign, even
with this efficiency increase, cannot affect significantly the engine fuel
consumption without integrating diesel engine re-tuning (valve timing, injection
timing, etc.) in design process.
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Figure 6-10: Diesel SFC and compressor efficiency change between 1D improved and baseline

compressor.

The simplified structural analysis shows that the new compressor achieves a
safety factor of about 1.25, while the turbo-spool(re-designed compressor and

original turbine pair) operates stably(underdamped

behavior) avoiding

resonance(Figure 6-11), hence ensuring compressor structural integrity.
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Figure 6-11: T/C with re-designed compressor (Option 3) Campbell Diagram.

196



The T/C design process scope is either to provide an initial 3D geometry to
the high-fidelity 3D design process or a fast reliable solution. The generated 3D
geometry from the 1D design of the present test case is shown in Figure 6-12.
For stall margin, the limit is calculated based on the CFD velocity and energy
imbalance parameter (<0.1%), which describes the fluid domain flow
steadiness.

Figure 6-12: 3D geometry generated from the 1D design process

For evaluating the 1D design process, a CFD compressor map is generated (1
day simulation run, utilizing a 4 core 16GB RAM workstation) and combined
with the T/Ced diesel engine simulation process. The CFD compressor map and
the operating line are depicted in Figure 6-13.

According to the compressor operating results (Figure 6-14), the design
process provides a CC with a 0.86% at 50% and 0.07% efficiency increase at 75%
load. For specific fuel consumption, a 0.08% at 50% and 0.01% increase at 75%
engine load. Also, based on FEA results, the preliminary designed 3D compressor
achieves a safety factor about 1.33, ensuring structural integrity.
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Concluding, the design process is capable of providing a 3D compressor
geometry, which reconstitutes (slightly improve) the original compressor
performance, considering that it is not a time consuming process, requiring low
computational resources. Additionally, the operating line lies on lower efficiency
area showing that if turbine was included in design process, more efficient
operation could be succeeded.
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Figure 6-13: CFD compressor map (1D optimization) and operating line.
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6.2.2 Evaluation of Modified Centrifugal Compressor Single Zone Model

As mentioned in Chapter 4, eq. (4.108) is implemented into the process, in
order to avoid compressor geometry solutions with large outlet blade height (b3)
and volute inlet width (bs). For evaluating this correlation, the aforementioned
design process is repeated without the usage of this correlation. The CFD
compressor map is depicted in Figure 6-15.
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Figure 6-15: CFD compressor map (1D Optimization without the empirical correlation)

The comparison of both preliminary designed compressor CFD maps (Figure
6-13 and Figure 6-15) shows the significant reduction in compressor efficiency
indicating the importance of this constraint during 1D optimization.

This comparison also shows that the highest difference is located in blade
height/diffuser width, with an increase about 27.3%. This increase leads to both
intensive impeller recirculation(negative velocities close to impeller exducer
shroud region) and volute 3D effects, as depicted in Figure 6-16 and Figure 6-17,
respectively.

These phenomena cannot be observed when using a meanline compressor
model, hence showing the importance of including such a correlation in 1D
optimization.
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Figure 6-17: Volute 45° cross section velocity vectors projection
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6.2.3 3D compressor design

Having as initial geometry the 3D one, generated by the preliminary design
procedure (Figure 6-12), a CFD optimization is carried out. The optimization
process lasted about 4 months due to the limited computational resources(4-
core 16GB RAM workstation). The designed compressor 3D geometry is shown
in Figure 6-18, including the flow pattern at 75% engine load.

Figure 6-19 depicts the CFD generated map and the operating line for the
detailed designed compressor (CFD optimization). The efficiency is about 79.8%
and 80.5% for 50% and 75% engine load respectively. According to the FEA
results, the optimized compressor achieves a safety factor of 1.35, ensuring
compressor structural integrity. Due to the lack of a fully 3D original turbine
geometry, it is chosen not to perform a high-fidelity modal analysis with 3D
Modal, assuming that the simplified modal analysis is sufficient.

According to Figure 6-20, the 3D optimization provides a compressor with a
2.08% efficiency increase in 75% engine load and 1.50% in 50% engine load. For
specific fuel consumption, a 0.26% decrease in 50% and 0.44% in 75% engine
load is noticed, leading to a total of 0.34% fuel consumption decrease.

Figure 6-18: Compressor 3D geometry(CFD Optimization) and flow pattern at 75% engine load.
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Figure 6-19: CFD compressor map (CFD Optimization) and operating line.
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At this point, it is useful to compare the 3D geometries that correspond to
the preliminary and high-fidelity design processes.

- — = = |nitial Geometry J

Optimized Geometry / h

Figure 6-21: 1D and CFD optimization 3D impeller geometry meridional view

The 3D designed CC geometry shows variation in blade shape as seen by the
blade angle and thickness change (Figure 6-22) in contrast to the meridional
geometry (Figure 6-21) which is close to the 3D geometry, generated by the
preliminary design part.

Concerning the volute geometry comparison between both preliminary and
high fidelity design solutions, a 2.23% reduction in R4 and a 2.93% increase in
Ryol are noticed. Also, the elliptical parameter changes between preliminary and
high-fidelity 3D designed volute is depicted in Figure 6-23.

Concerning efficiency increase resulting from CFD optimization, Figure 6-24
depicts the flow patterns in impeller and volute, where the most significant flow
pattern improvement is observed.

For the impeller, the 3D design process enhances the flow close to shroud by
significantly reducing the wake flow region. In volute flow, both circumferential
velocity (parallel to meridional and cross section plain) is enhanced, leading to
smoother flow into the volute component reducing losses due to 3D effects.
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Table 6-2 shows that both improved compressor geometries, generated by
both preliminary and high fidelity design processes, have a size close to the
baseline one, hence validating the right operation of both design processes,
knowing that initialization is based on default values.

Table 6-2: Geometrical parameters chanie between baseline and desiined COMpPressors.

R, 10.1% 0.5%

Riip.1 -17.5% -20.4%

R; -4.2% -6.8%

Ry 1.2% -2.3%

Rs -3.9% -1.6%

Ryl -9.5% -12.7%

Brub,1 -65.6% -25.1%

Bip.1 31.4% 40.5%

Bs -12.9% 22.3%

b; 24.2% 33.2%
Main Blades -1 -1
Splitter Blades -1 -1

6.3  Entire Turbocharger re-design(Option 4)

For option 4, it is assumed that there is available diesel engine model. The
engine operates at 25%, 50%, 75% 100% and 110% load, with an operating time
equal to 1.25%, 47.5%, 47.5% 2.5% and 1.25% of annual operation respectively.
Thus, the optimization objective function can be expressed as:

min:z = 0.0125Mgy¢ 55 + 0.475Mfy e 50 + 0.475M 0 75 62)
+ 0.025M 1100 + 0.0125M¢,,01 110 '

As nominal point is chosen the one which corresponds to 50% engine load.
The highest speed operating point is the one which corresponds to 110% engine
load. Finally, CC, AT and RT materials are chosen to be Aluminum Alloy 7075
T651, Nimonic Alloy 81 and Stainless steel 304 respectively. In this section, all
four possible T/C configurations are examined in order to choose the best fitted
configuration for the best reconstitution. Then, configuration A (vnless CC-RT) is
compared with the one which is designed, integrating the volute surrogate loss
models in the design process.
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6.3.1 Turbocharger Vaneless  Centrifugal = Compressor-Radial  Turbine

(Configiguration A)

With T/Ced diesel engine performance analysis being carried out, the
designed T/C operation is calculated. The T/C operating lines on turbo-
components performance maps are presented in Figure 6-25
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Figure 6-25: 1D designed T/C maps and operating lines: (a) vnlss diffuser CC (b) RT.
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The design process provides a compressor with an efficiency increase from
3.19% to 4.78% and a turbine with a an efficiency increase from 8.61% to 11.08.
For fuel consumption, a decrease from 0.167% to 0.416% is noticed, shown in
Figure 6-26, leading to an overall reduction by 0.401% according to eq. (6.2).
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Figure 6-26: Diesel fuel consumption and turbo-components efficiency change between 1D
improved and baseline T/C (Vnless Diffuser CC - RT).

Similar to the compressor design process, even with this efficiency increase,
the fuel consumption seems to slightly decrease, showing the small impact of
T/C in the overall diesel engine performance, as it is an auxiliary part.

Concerning T/C structural integrity, the results from simplified static and
modal analysis, show that the T/C achieves structural integrity(Table 6-3), while
avoiding resonance operation Figure 6-27.

Table 6-3: 1D improved T/C(Vnless Diffuser CC - RT) static and modal analysis results.

Safety factor 1.32 1.62
Stability Stable
Behavior Underdamped

Max Decay -58.17
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Figure 6-27: 1D improved T/C(Vnless Diffuser CC - RT) modal analysis.

6.3.2 Modified Turbocharger Vaneless Centrifugal Compressor — Radial Turbine
(Configuration A")

Having set the CFD based surrogate volute loss models, the configuration A
design process is repeated in order to evaluate how the new models affects the
designed geometry. With T/Ced diesel engine performance analysis being
carried out for configuration A’, the new T/C operation is calculated. The T/C
operating line on both compressor and turbine performance maps are presented
in Figure 6-28. The design process provides a T/C compressor with an efficiency
increase from 1.97% to 5.92% and a T/C turbine with 5.61% to 9.88% efficiency
increase. For fuel consumption a decrease from 0.168% to 0.395% is noticed,
shown in Figure 6-29, leading to an overall reduction by 0.356% according to eq.
(6.2).
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Figure 6-29: Diesel fuel consumption and turbo-component efficiency change between 1D
improved and baseline T/C. (CFD based Vnd Diffuser CC - RT)

The results from simplified static and modal analysis, show that the T/C is
also structurally safe with similar results(safety factor, decay rate, Campbell
diagram Figure 6-30) with the ones presented in section 6.3.1. It is obtained that
both the static and the modal analyses provide similar results due to similar
sizes of both compressor and turbine impellers.
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Figure 6-30: 1D improved T/C (CFD based Vnless Diffuser CC - RT) modal analysis.

Comparing both configuration A and A’ geometries (Figure 6-31), it can be
seen that they have similar size as expected. The overall fuel consumption
increases in the CFD-based surrogate volute loss case due to the additional
secondary losses. Although, in case of the compressor, a slight increase is
noticed, verifying that equation (4.108) prevent compressor geometry solutions
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with intensive volute 3D effects. Additionally, a diffuser channel width decrease
is noticed. This reduction is due to the ability of the CFD based model to calculate
the volute secondary losses, depends on the channel width and can be seen from
the increase in deviation of both loss models curves in low mass flow (low Mach
numbers) in the Chapter 3.

Concerning RT volute geometry comparison, an aspect ratio increase is
noticed. This increase is due to the CFD based model flow angle underestimation
in comparison with the conventional one. Specifically, for achieving a specific
absolute Mach number, the CFD-based one requires higher outlet radial velocity
which can be accomplished by increasing volute aspect ratio.

—CFD based Yolute model

Conventional Volute model

Figure 6-31: 1D design T/C geometry(meridional view) comparison between CFD based and
conventional volute model.

6.3.3 Turbocharger Vaned Diffuser Centrifugal Compressor — Radial Turbine
(Configuration B)

With T/Ced diesel engine performance analysis being carried out for
configuration B, the improved T/C operation is calculated. The T/C operating
line on both compressor and turbine performance maps are presented in Figure
6-32
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Figure 6-32: 1D improved T/C maps and operating lines: (a) vnd diffuser CC (b) RT.

The design process provides a compressor with a 1.36% to 2.27% efficiency
increase and a turbine with a 9.12% to 11.28% efficiency increase as depicted in
Figure 6-33. For fuel consumption a decrease from 0.064% to 0.238% is noticed,

shown in Figure 6-33, leading to an overall reduction by 0.288% according to eq.
(6.2).
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Figure 6-33: Diesel fuel consumption and turbo-components efficiency change between 1D

Similar to the configuration A design, the fuel consumption seems to slightly
decrease, showing the small impact of T/C in the overall diesel engine
performance. Regarding the T/C structural integrity, the results from the
simplified analysis, shows that the T/C is structurally safe with similar
results(safety factor, decay rate, Campbell diagram Figure 6-34) with the ones

improved and baseline T/C. (Vnd Diffuser CC - RT)

presented in section 6.3.1.
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Figure 6-34: 1D optimization T/C(Vnd Diffuser CC - RT) modal analysis.
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6.3.4 Turbocharger Vaned/Vaneless Centrifugal Compressor — Axial Turbine
(Configuration C & D)

For both configurations the design process is unable to find a feasible
Turbine design solution able to match the entire engine system. The current
engine requires a T/C with specific speed about 1.2. According to Figure 6-35,
published by Japikse and Baines (1997), for such specific speed value the Radial
Turbine usage is un-avoidable as axial turbine is inefficient. For such T/Ced
Diesel Engine, the T/C configurations C and D are inadequate.

Figure 6-35 validates the entire design process as both Configuration A and
B radial turbine reach a maximum efficiency about 86% which is expected
according to Japikse and Baines (1997). For further axial turbine design
interpretation see Appendix.

1.0

| B PO T T T T I
0.8 - /
(p/p =2)

/\\
/fraan
Multilobe il /"K \

0.6 —=f= "/ // [ N\

M max

Partial emission Cross flow
0.4 1 |
Drag Teslx Re* =2 X 105
—— (La' = 03) S/h = 0.02 Axial

s/b, = 0.02 Radial

\

. = - “|ls/p = 0.001 Drag, Multilobe &
La*,,, =0.7
P N T T 1 1 S 11 T T A
2 4 68 2 4 68 2 4 68 2 4 68 2 4
1073 1072 107! 1 10

Figure 6-35: Turbine Efficiency-Specific speed depending on its type. [Japikse and Baines, 1997]

6.3.5 Choosing the best fitted Turbocharger

In this part of the test case, all four possible T/C configurations are
evaluated by performing a multi-point design process for diesel engine
reconstitution. According to the results axial turbine T/C are proven to be
insufficient for this T/Ced diesel engine as was expected according to Japikse and
Baines (1997). For this reason both configuration A and B are compared with the
aim to choose the most efficient T/C.

According to Figure 6-36, it can be seen that the entire T/C re-designing
provides higher fuel consumption reduction compared with the T/C compressor
one, presented in the previous section(6.3). As for the best configuration, it is the
vaneless Diffuser CC- Radial Turbine (Configuration A) which according to public
literature is commonly used for similar size auxiliary engines.
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Figure 6-36: Diesel fuel consumption change for CC and entire T/C re-design.

According to the comparison of configuration A and B (Figure 6-36 and
Figure 6-37), by adding a vaned diffuser in a compressor component:

e For a narrow range of off-design operation around the nominal point the
flow is better driven to the volute, hence reducing its loss coefficient.
e Extralosses are added due to vanes.

Thus, for the current T/C requirements, the volute loss benefit is lower,
compared to the extra losses due to vane placement in the diffuser, leading to a
more efficient vaneless diffuser CC than the vaned one. The process is also
evaluated, considering that the baseline T/C is a vaneless diffuser.

Concluding, the best fitted T/C is the vaneless Diffuser CC- Radial Turbine
one (Configuration A), as it provides both the lowest fuel consumption and the
lowest purchase cost.
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Vaneless Difusser Centrifugal Compressor

Figure 6-37: 1D design T/C geometry(meridional view) comparison between Vaned and Vaneless
diffuser CC.

6.4 Retrofit Techno-economic assessment

The techno-economic assessment is an important part of the retrofit-design
analysis, as analyzes the economic performance of all aforemention retrofit
options, in order to guide the T/C manufacturing company which option should
select.

Using indicative costs about T/C purchase and manufacturing, Figure 6-38
shows the payback period for each option. Fuel costs typical at the period of
writing this PhD thesis have been employed as marine diesel fuel cost (bunker)
varies and data for different fuels and locations are published daily?.

For the retrofit process economic scenario, it is assumed that the marine
company takes a loan with an indicative annual interest rate equal to (2.3%)2,

1Ship & Bunker, News and inteligence for the marine fuels industry. www.shipandbunker.com
*https://data.worldbank.org/indicator
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Chapter 6. Application case A: Turbocharger Retrofit and redesign

hence the interest rate parameter (r) is integrated in the profit function for the
repayment period (0-to).

Considering the options 2 and 4, the entire T/C is replaced and redesigned,
respectively. Thus, the baseline functional parts(entire baseline turbine, baseline
bearings, etc.) can be sold. In that case, an indicative selling price reduction
factor is also employed, as the baseline parts are sold as second hand ones.

According to the aforementioned assumptions, the profit for each retrofit
option for both repayment and after repayment period is defined as:

(TCoptl - TCopti)(l + r)t + (m fuel,opt2 — m fuel,opti)t , t< tO

. . 6.3
(m fuel,optz — M fuel,opti)(t - to) , t>10 ( )

Popti (t) = {

where the subscript i represent the corresponding option (2, 3 and 4).
Concerning the fixed costs, they are also expressed as:

TCopt1 = Cec (6.4)
TCoptz = Cric — (Crjc — Cec) (1 = x1/¢) (6.5)
TCopts = Creacc + Cmancc (6.6)
TCopta = Crearsc + Cmanr/c = (Crjc — Cec) (1 — X1/¢) (6.7)

Table 6-4: Turbocharger re-design additional cost in comparison with the market one.!

T/CA1 $551.00 $609.00
T/CA2 $522.50 $577.50
T/CA3 $551.00 $609.00

According to a commercial sale site? and comparing T/C prices with those of
T/C parts, it is concluded that the CC price is about the 26.97% of the T/C overall
price. Also, a 7.51% and 19.45% of the overall CC price corresponds to impeller
and volute components, respectively.

Table 6-5: Turbocharger purchase cost for both stock and used T/C.5

T/CB1 $542.64 $353.38 35%
T/CB2 $384.67 $283.18 26%
T/CB3 $659.83 $475.02 28%
T/C B4 $774.66 $468.00 40%

! https://www.buyautoparts.com/
? https://www.ebay.co.uk/
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Thus, for this economic scenario and under the assumptions used, the
payback periods for option 2, 3 and 4 are 7050h, 387h and 5159h, respectively.
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Figure 6-38: Estimated cumulative benefit in function of time of operation.

Concluding, according to the estimated cumulative benefit as function of
time of operation(Figure 6-38), the option 3 provides the fastest payback period
while the option 4 provides the highest long term profit.

In most cases, a T/C operation may not exceed the 3 years (24000h) due the
harsh working conditions which lead to material failure, hence making the
option 3 more suitable even if the option 4 provides higher long term profit.

6.5  Application test case summary and conclusions

The design-retrofit processes are applied in a retrofitting test case. First the
first two retrofitting options are analyzed (compressor retrofit and entire T/C
retrofit). In the first and second option a T/C retrofit is performed, using the
corresponding available turbo-components. The solutions, that the processes
provide, show that the initial performance cannot be achieved using off-the-self
solutions, having a specific fuel consumption increase about 0.8% for option one
and 0.27% for option two in nominal operation point. Both options solutions are
structurally safe with similar modal behavior.

In next step, the processes are applied in a T/C Centrifugal Compressor
design test case, aiming to cover the third retrofit option. Thus, a weighted
single-objective optimization procedure is followed, redesigning it to match the
entire engine system in an optimum way, while ensuring its structural integrity.
Taking advantage from the usage of dimensionless parameters as optimization
variables with defined range, a more general and automated design process is
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Chapter 6. Application case A: Turbocharger Retrofit and redesign

provided since does not require both optimization variables ranges and initial
geometry to be redefined for different T/C scale, using shop trials data as the
only inputs.

The test case is separated in two parts. In the first part, taking advantage
from the 1D to 3D transformation sub-tool, the preliminary design process
provides both 1D and 3D geometry, showing that, apart from a preliminary
design study, it can generate a fast operable and manufacturable compressor 3D
geometry. In the second part, another optimization procedure is performed
using CFD and FEA analysis. Utilizing the preliminary 3D compressor, the 3D
design process does not rely on an initial 3D geometry, which in many cases is
not available.

The results show that an improved retrofitting solution can be achieved,
showing that the design process is reliable for fast compressor 3D design.
Comparison of the both preliminary and high-fidelity sub-tools results shows
that the user can reduce the design process computational time, by disabling
impeller meridional geometrical optimization variables(Rnub,a,Rnub3,Rip,1, etc.)
and focusing only on the blade shape. Utilizing the high-fidelity sub-tool, the
compressor is further improved, achieving an overall 1.75% efficiency increase
and 0.34% diesel engine fuel consumption reduction.

The design process is applied also in an entire T/C design test case, aiming
to cover the last (fourth) retrofit option. It examines all possible T/C
configurations by applying a multi-point design process for optimal diesel engine
reconstitution in each of them. The results indicate that the best configuration is
the vaneless diffuser centrifugal compressor-radial turbine (Configuration A),
achieving the higher fuel consumption decrease (0.401%), while ensuring stable
operation and structural integrity.

The comparison between both configuration A and B design geometries
indicates that both compressors have impellers of similar size. Also, with the
vaned diffuser usage, the scroll volute size increase in order to reduce its losses
taking advantage from the constant inlet flow angle (vaned diffuser). For such
diesel engines the usage of T/C encompassing an axial turbine is infeasible.

Additionally, the study of how the new volute loss models affect the
designed geometry, shows that both compressor volutes have similar aspect
ratios, as both conventional and CFD based loss models have similar trends,
while the CFD based Radial Turbine illustrates a higher aspect ratio, compared to
the conventional one.

Finally, a techno-economical assessment is performed, studying all possible
retrofit options. The results indicate that redesigning only the compressor,
provides faster payback period, whereas redesigning the entire T/C provides
higher long term profit.
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7 Application case B:
Turbocharger fault effects on
Diesel-engine performance

7.1  Turbocharger Fouling Assessment

The increasing need for marine engine system downsizing, combined with
the harsh working conditions, leads to frequent engine components failure,
especially for the T/C, making the fault effect simulation an important part of
design or retrofitting process. Thus, the T/Ced diesel engine simulation process
is applied in a fouling analysis for both T/C and Intercooler. The T/C components
fouling simulation is materialized using physical consistent parameters such as
roughness increase, rather than arbitrary mass flow, and efficiency reduction
factors. In this way, the fault effect on the stall margin is obtained, thus the effect
of faults on operability (usually neglected in 1D analysis to the author’s
knowledge) is assessed as well. Therefore, an alternative, lower fidelity, and time
efficient option for studying the faults effect on the stall margin is provided,
which otherwise is obtained using higher-fidelity, but time consuming CFD tools
[Melino et al. 2011].

T/C fouling basically leads to inefficient operation and a shift of operating
and stall margin. All compressors are susceptible to fouling as a result of the
ingestion of air impurities that accumulate on and stick to gas path free surfaces,
blades and shrouds, modifying airfoil geometry (Diakunchak 1992). Additionally,
oil leaks from compressor seals and bearings mix with some of the ingested
particles and deposit on the blade surfaces (Lakshminarasimha et al. 1994). The
result will be the deterioration of airfoils aerodynamic behavior and reduction in
flow area leading to the compressor and engine performance degradation. A
typical fouled compressor impeller is depicted in Figure 7-1.

Turbine fouling is mainly depending on type and quality of the operating
fuel as discussed by Meher-Homji (1987). When heavy fuel oil or crude oil is
used, the turbine degradation is expected to be significant. Low melting point
ashes, metals and unburned hydrocarbons can be aggregated in the turbine in
the form of scale. The contaminants deposition will have an impact over blade,
by changing the airfoil shape, the inlet angle and increasing the surface
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Chapter 7. Application case B: Turbocharger fault effects on Diesel-engine performance

roughness. These effects will result to the reducing of the airfoil throat area and
apparently reducing the performance characteristics and the service life of the
component. Also, especially in marine gas turbines, sulfidation may occur
resulting in turbine corrosion. As a result, fouling rate increases, as discussed by
Basendwah et al. (2006). A typical fouled vaned nozzle can be seen in Figure 7-2,
where roughness increase is depicted.

Figure 7-2: Fouled Turbine vaned nozzle2.

! www.turbomed.gr
? https://maredu.hcg.gr
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In the current fouling test case analysis, the study is limited to radial turbine
T/C. Although, the presented procedure for studying the fouling effect in engine
degradation is governed by the same principles with axial turbine T/Ced diesel
engine. Since both T/C components may be fouled, five different fouling cases are
simulated herein. The simulation is performed by altering the blade thickness
and roughness accordingly, as presented in Table 3-11 and Table 7-2. The
thickness change due to fouling is between 0.2 and 0.5 mm as proposed by
Mezheritsky and Sudarev (1990) for a medium size T/C.

The results of fouling analysis are shown in Figure 7-1- Figure 7-5. As seen
in Figure 7-1, compressor fouling causes the movement of the stall margin
towards lower pressure ratios for high rotational speeds, hence reducing the
compressor stable operation regime.

Table 7-1: Turbocharger Compressor fouling conditions.

F1 +0.2 +21 +13

F2 +0.5 +54 +50

F3 - - -
F1-F3 +0.2 +21 +13
F2-F3 +0.5 +54 +50

Table 7-2: Turbocharger Turbine fouling conditions.

F1 - - -
F2 - - -
F3 +0.5 2.4 +375

F1-F3 +0.5 2.4 +375

F2-F3 +0.5 2.4 +375

Turbine fouling is mostly affecting the inlet mass flow and turbine efficiency
hence reducing shaft horse power and increasing specific fuel consumption. As
seen in Figure 7-4 the fifth simulated case (F2-F3), which is the most severe one,
results to a shaft horse power reduction of 22% highlighting the effect that T/C
components fouling can have on a T/Ced engine. For this reason, the original
nominal power demand cannot be satisfied for this case.The effect of fouling on
fuel consumption is considerably leading to a specific fuel increase by about 5%
for the worst case, as depicted in Figure 7-5.
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For further interpretation of the fouling analysis, an additional simulation is
performed, with results presented in Table 7-3, highlighting the effect of fouling
in engine performance degradation for constant engine speed and load. The
demanded shaft power, used in this simulation, represents the fifth simulated
case (F2-F3) maximum power, aiming to ensure that engine operates stably in all
fouling conditions. It is observed that, as the fouling level increases, the fuel
consumption increases in order to satisfy the demanded load. Also, boost
pressure and T/C rotational speed reduction occurs due to compressor and
turbine degradation. Finally, the system outlet temperature rises because of the
turbine efficiency reduction.

Table 7-3: System operation dependence on fouling.

F1 -0.9% -10.0% 3% 4% 0.28%
F2 -2.0% -22.2% 8% 12% 1.06%
F3 -2.2% -6.2% 2% 4% 0.17%
F1-F3 -2.6% -13.9% 5% 8% 0.61%
F2-F3 -3.7% -26.1% 9% 15% 1.31%
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7.2  Intercooler Fouling Assessment

The air density determines the maximum weight of fuel that can be
effectively burned per working stroke in the cylinder. The increase in air density
can be performed by decreasing the charged temperature leading to power
increase. Intercooling is used for this purpose. In most cases, an intercooler
consists of three channels.

e Air channel
e Brackish water channel
e Sea water channel

Brackish water drains heat energy from charged air through a finned tube
exchanger, increasing its density. Next, this energy is transferred to sea water
through a secondary exchanger. In order to perform the simulation of a fouled
intercooler it was assumed that:

e Maximum fouling sea water resistance is 0.176 m?K/kW (Kakac et
al.2012)

e Maximum pressure drop increase is 0.29% due to fouling. (Gautam et al.
2017)

Using the heat exchanger fouling assumptions, clean cooler effectiveness to
fouled cooler effectiveness ratio can be determined as follows:

1

R
€clean Uglean TR
= : (7.1)
€fouled
Uclean

Calculating &y ¢4 and using it, in T/Ced engine model, SFC, power and
temperature changes can be calculated. Heat exchanger fouling leads to
effectiveness reduction and pressure drop increase, hence, the air density before
the manifold is decreased causing engine shaft power and efficiency reduction.
The fuel consumption is increased by 1% as reported in Table 7-4, thus the heat
exchanger fouling economic effect can become significant.

Table 7-4: Fouled intercooler iarameters.

Healthy 214.49 480 360
Fouled Intercooler 216.72 (+1.04%) 497 (+17°C) 381 (+21°C)

Additionally, exhaust gas temperature increases significant and the T/C
operating line is moved towards stall (Figure 7-6), expected to affect T/C stable
operation.
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The heat exchanger fouling rate depends on many parameters, including
time. It is of interest to assess how the buildup of heat exchange fouling affects
the overall T/Ced engine performance over time. The changes in pressure drop
and resistance over time are evaluated according to the following and the values
discussed, whereas time is assumed dimensionless, for expressing the relative
change of performance parameters over time (Figure 7-7).

e Pressure drop reduction function against fouling resistance has parabolic
form. (Gautam et al. 2017)

e Fouling resistance function against time has linear form. (Kakac et
al.2012)

As seen in Figure 7-8 the SFC increase and the shaft power decrease are
more profound during the first period of fouling. Over time, the fouling build up
worsens degrading the overall performance but the degradation rate is expected
to reduce over time.
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7.3  Application test case summary and conclusions

In the fouling study test case, utilizing the T/Ced diesel engine simulation
process, an overall system simulation and operation analysis is carried out
assessing operability and performance parameters. Specific faults are simulated
utilizing physical consistent parameters such as blade friction and thickness
based on relevant literature data. Analysis results show a significant reduction in
engine performance, especially in case of both turbo components being fouled, in
contrast to the heat exchanger fouling. In more detail, the results indicate that:

Compressor fouling causes the movement of the stall line towards lower
pressure ratios, hence reducing the compressor stable operation regime. Turbine
fouling is mostly affecting the inlet mass flow and turbine efficiency reducing
shaft horse power and increasing specific fuel consumption. As for the
combination of compressor and turbine fouling, power may be reduced up to
22%, highlighting the effect that T/C components fouling can have on a T/Ced
engine and leading to a 5% specific fuel consumption increase.

Heat exchanger fouling leads to effectiveness reduction and pressure drop
increase, resulting, for the case examined herein, by 1% specific fuel
consumption increase and by 1% power decrease, indicating that intercooler
fouling may affect the engine life cycle cost. Additionally, the exhaust gas
temperature increases significantly, an increase that is expected to affect the T/C
bearings life. Also, the T/C operating line is moved towards stall line, increasing
the possibility of working under unstable operation.

7.4 References

Basendwah, A., Pilidis, P. and Li, Y. G. (2006). Turbine Off- Line Water Wash
Optimization Approach for Power Generation. Proceeding of ASME Turbo expo,
Barcelona, Spain, GT2006-90244, pp. 65-76; 12 pages.

Diakunchak, I. S. (1992). Performance Deterioration in Industrial Gas Turbines.
ASME |. Eng. Gas Turbines Power, 114(2): 161-168

Gautam K., Parmar, N. and Vyas, B. (2017). Effect of fouling on thermal and
hydraulic parameter of Shell and Tube Heat Exchanger. Student conference 2017,
Czech Technical University, Prague, Czech Republic.

Kakac, S., Liu H. and Pramuanjaroenkij A. . (2012). Heat Exchangers. CRC Press.

Lakshminarasimha A. N., Boyce, M. P. and Meher-Homji, C. B. . (1994). Modelling
and Analysis of Gas Turbine Performance Detrerioration. ASME J. Eng. Gas
Turbines Power,, 116, 46-52.

Meher-Homyji, C. B.. (1987). Compressor and Hot Section Fouling in Gas Turbines
- Causes and Effects. Proceedings of the 9th Industrial Energy Technology
Conference. Houston: Texas A&M University.

231



Chapter 7. Application case B: Turbocharger fault effects on Diesel-engine performance

Mezheritsky A.D. and Sudarev, A.V. . (1990). The mechanism of fouling and the
cleaning technique in application to flow parts of the power generation plant
compressors. Proceeding of ASME Turbo Expo, Brussels, Belgium, 90-GT-103.

232



ChaEter
8 Conclusions and Future Work

Integrated processes for T/C design and retrofitting were presented. These
processes were developed with three modes of operation, providing a fully
automated simulation, design and retrofit for T/Ced diesel engine.

The first mode provides a T/Ced diesel engine simulation option. With such
an application, capable to simulate the system operation over its whole envelope,
T/C matching quality and diesel engine operation improvement studies or T/Ced
diesel engine fouling analysis can be performed.

In the design mode, a multi-point optimization process is employed, aiming
to provide a fast and reliable turbo-component or the entire T/C design solution
based on T/Ced diesel engine range of operation. The optimization process
focuses on engine fuel consumption reduction in the engine’s range of operation,
while ensuring appropriate matching between turbomachinery components and
the diesel engine. Both turbo-components structural integrity is ensured by
performing simplified static and modal analysis. Dimensionless parameters are
used as optimization variables, for both compressor and turbine, providing a
more general and automated design process since it does not require both
optimization variables ranges and initial geometry to be redefined for different
T/C scale. Additionally, the surrogate volute loss models, trained with CFD
simulated data, are also provided for both centrifugal compressor and radial
turbine as option, allowing for a more detailed design process. The process
produces four improved T/C (compressor and turbine) (if it is possible), of
different possible configurations, namely vaneless diffuser centrifugal
compressor - axial turbine, vaned diffuser centrifugal compressor - axial
turbine, vaneless diffuser centrifugal compressor - radial turbine, vaned diffuser
centrifugal compressor - radial turbine. The combination that gives the best
improvement to the diesel engine operation is identified. For the centrifugal
compressor design, a high fidelity design option is provided as well by
performing a CFD compressor multi-point design optimization process,
producing an optimized 3D compressor geometry. It complies with the T/Ced
diesel engine range of operation, while structural integrity is ensured by Finite
Element analysis.

In the retrofit mode, all available turbo-components are examined, in order
to select the one that best matches the entire engine system, aiming to retain or

233



Chapter 8. Conclusions and Future Work.

improve the diesel engine efficiency, while ensuring chosen turbo spool dynamic
structural integrity .

8.1  Application test cases conclusions

Applying the integrated processes in several test cases, the conclusions are

the following:

1. T/Cretrofitting with selected turbo-components test case:

With the mass usage of the processes proposed here, it is
guaranteed that the retrofit process, will provide the best retrofit
solution, avoiding unnecessary fuel consumption and operating
cost increase. Also, their usage will increase the productivity of
T/C manufacturers, decreasing the time, spending in tasks such as,
searching for available T/C, matching, analyzing and designing a
new compressor.

Due to the limited number of available turbo-components, the
initial performance cannot be achieved using off-the-self solutions,
having a specific fuel consumption increase, compared to the
baseline T/C. In that case, a T/C component or T/C redesigning is
suggested for reconstituting the initial performance.

2. T/C compressor re-design test case:

An improved retrofitting solution can be achieved by redesigning
the T/C compressor.

The comparison between both preliminary and high fidelity 3D
designed geometries shows that the user can reduce the 3D design
process computational time, by disregarding impeller meridional
geometrical optimization variables(Rnup, a, Rnub3,Rip,1, etc.) and
focusing only on blade shape geometry parameters.

3. Entire T/C re-design test case:

The results indicate that best configuration is the vaneless diffuser
centrifugal compressor-radial turbine, achieving the higher fuel
consumption decrease, while operation is stable and structurally
safe.
The comparison of both vaneless and vaned diffuser compressor
designed geometries indicates that both compressors have similar
size impellers. With the vaned diffuser, the scroll volute size
increases in order to reduce its losses, taking advantage from the
constant inlet flow angle (vaned diffuser).
The comparison between conventional and surrogate volute loss
models in terms of the T/C design solution indicates that:

i. Compressor volutes have similar aspect ratio as both

models have similar trends.
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ii. The turbine volute surrogate model leads to geometry with
higher aspect ratio, compared to the conventional one, as
the latter under-estimates the outlet flow angle.

e The design process provides a more efficient T/C, compared to
both baseline and compressor redesigned T/C.

4. T/Cand Intercooler fouling assessment test case:

e Compressor fouling causes the displacement of the stall line
towards lower pressure ratios, hence reducing the compressor
stable operation regime.

e Turbine fouling is mostly affecting the inlet mass flow and turbine
efficiency reducing shaft power and increasing specific fuel
consumption.

5. Intercooler fouling assessment test case:

e Intercooler fouling leads to effectiveness reduction and pressure
drop increase, resulting to specific fuel consumption increase and
power decrease.

e The exhaust gas temperature increases significantly, affecting the
T/C bearings life.

e The T/C operating line is moved towards the stall margin
increasing the chance of working under unstable operation.

8.2  Contributions to Science and Technology

The most important results from this thesis that can be considered as novel
are the following:

e The T/C design is performed in engine system level, including all possible
configurations.

e Structural integrity is ensured, by integrating a simplified structural static
and modal analysis.

e Multi-point design analysis based on T/Ced diesel engine operating line.

e 1D Optimization with dimensionless parameters as variables:

a. General and automated design process by using dimensionless
optimization variables instead of dimensional ones.

b. No need of redefining both the variables ranges and initial geometry
for different T/C scale, hence providing a more general and automated
design process.

c. Can be used in any turbomachinery design application, with zero or
minor adjustments.

e Simplified structural analysis (static analysis):

a. Can be used from any turbomachinery meanline code

b. Does not require as input entire blade shape but inlet and outlet blade
angle and thickness, as blade geometry is automatically generated via a
blade transformation technique. This technique follows a
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8.3

C.

turbomachinery sub-component blade angle/thickness adaptation
approach based on known 3D geometries.
Ensures geometry structural integrity

Simplified structural analysis (modal analysis):

a.
b.
C.

Can be used from any turbomachinery meanline code

Ensures geometry structural integrity

Provides more accurate results compared to similar studies by having
more degrees of freedom and including the gyroscopic effect.

Centrifugal compressor and radial turbine CFD-based surrogate volute
models development.

a.

b.

C.

Can be used by centrifugal compressor and radial turbine meanline
models.

Accuracy improvement compared to the conventional meanline loss
models.

Overcomes the loss prediction problem due to 3D effects.

1D T/C component fouling simulation process:

a.

Usage of physically consistent parameters such as roughness increase
rather than arbitrary mass flow, and efficiency reduction factors, hence
providing the fault effect on the stall margin.

Provides an alternative, lower fidelity, and time efficient option for
studying the faults effect on the stall margin, which usually is obtained
using higher-fidelity, but time consuming CFD tools.

Study of the intercooler fouling effect on the T/Ced diesel engine
degradation and compressor stall margin.
Processes modification:

a. Turbo-components meanline loss models can be easily modified
without affecting the entire process operation.

b. Surrogate volute loss models can be further trained or re-trained, by
replacing the corresponding loss coefficient parameters files.

c. Diesel engine model can be easily replaced without affecting the entire
process functionality as it is treated as a black box software.

d. Each 3D compressor design sub-tool can be easily replaced with both
in-house and commercial tools (CFD solver, FEA solver, meshing, etc.)
as the design process treats them as a black box software.

e. Optimization tool can be easily replaced as all design sub-tools are
coupled via a “Driver” tool, developed within the python environment.

Future Work

The following processes extensions are suggested:

Engine Model:
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a. Replacing of the single-zone diesel engine model by a more
detailed phenomenological one ,coupled with detailed modeling
for NOx emissions from diesel engine, whereas CO2 emissions will
be directly calculated by the fuel consumption.

b. Development of a filling emptying engine model may be
consindered, allowing to study the whole system operation for
pulse turbocharging and how it affects stable operation regime.

e T/Cmodel:

a. Physics-informed machine learning(CFD or Measurements-based)
models development for each T/C turbo-component.

b. Electric engine model development: e-turbochargers analysis

e Extending the high fidelity design process for all turbo-components.
e Modal Analysis:

a. More detailed compressor/turbine impeller moment of inertia and
mass.

b. Compressor/Turbine impeller modal analysis as elastic body
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APPENDIX: Axial Turbine Design
Application

The design process is applied in an axial turbine design study for
demonstration purposes. For further verifying the design process, the axial
turbine validation test case, presented by Person (2015), is redesign aiming to
improve the initial performance. In the current section, a design approach is
presented, assuming fixing mean radius turbine.

Axial Turbine design strategy

In the current design case, a multi-point axial turbine design is performed
aiming to maximize the overall turbine efficiency. The nominal point
corresponds to 100% of baseline turbine nominal speed [Person 2015] while
both 60% and 80% are selected as base points.

All selected design points are depicted in Figure A 1,while the objective
function can be expressed as:

+ +
max:z,=rltrb,60 Utr:z;,so Nerb,100 (A1)

The constraints are extensively described in the design process section. The
design process is performed, having the hub and tip radius parameters fixed and
equal to the baseline values, presented by Person (2015)
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Appendix. Axial Turbine Design Application
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Figure A 1: Turbine selected design points.

The performance comparison, depicted in Figure A 2 and Figure A 3,
indicates that the baseline turbine performance is reconstituted/slightly
improved (0.8% overall efficiency increase).
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Figure A 2: Turbine mass flow against pressure ratio.
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Figure A 3: Turbine efficiency against pressure ratio.

According to the geometry comparison in meridional view for both baseline
and design turbine (Figure A 4), for increasing the overall efficiency, the process
drives the design solution to slightly higher chord length, while the blade height
across streamwise is retained.

——Baseline AT

——Designed AT

Figure A 4: Meridional view geometry comparison.
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Appendix. Axial Turbine Design Application

Concerning the blade variables, Table A 1 shows a small change in blades
shape.

Table A 1: Baseline and Design turbines basic geometrical parameters change.

c 5.89% Bo.2 -0.03%
e -9.59% tmax/C 0.77%
Bo.s -8.37% Bo.2 8.62%
e 20.20% tmax/C -16.14%
c 9.70%
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