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Abstract 

The focus on our environment has never been as great as it is today. The impact of global warming 

and emissions from combustion processes become increasingly more evident with growing concerns 

among the world’s inhabitants. The consequences of extreme weather events, rising sea levels, 

urban air quality, etc. create a desperate need for immediate action. A major contributor to the 

cause of these effects is the transportation sector, a sector that relies heavily on the internal 

combustion engine and fossil fuels. The heavy-duty segment of the transportation sector is a major 

consumer of oil and is responsible for a large proportion of emissions. 

The global community has agreed on multiple levels to reduce the effect of man-made emissions 

into the atmosphere. Legislation for future reductions and, ultimately, a totally fossil-free society is 

on the agenda for many industrialized countries and an increasing number of emerging economies.    

Improvements of the internal combustion engine will be of importance in order to effectively reduce 

emissions from the transportation sector both presently and in the future. The primary focus of 

these improvements is undoubtedly in the field of engine efficiency. The gas exchange system is of 

major importance in this respect. The inlet and exhaust flows as the cylinder is emptied and filled 

will significantly influence the pumping work of the engine. At the center of the gas exchange system 

is the turbocharger. The turbine stage of the turbocharger can utilize the energy in the exhaust flow 

by expanding the exhaust gases in order to power the compressor stage of the turbocharger.  

If turbocharger components can operate at high efficiency, it is possible to achieve high engine 

efficiency and low fuel consumption. Low exhaust pressure during the exhaust stroke combined 

with high pressure at the induction stroke results in favorable pumping work. For the process to 

work, a systems-based approach is required as the turbocharger is only one component of the 

engine and gas exchange system. 

In this thesis, the implications of turbocharger turbine stage design with regards to exhaust energy 

utilization have been extensively studied. Emphasis has been placed on the turbine stage in a 

systems context with regards to engine performance and the influence of exhaust system 

components. 

The most commonly used turbine stage in turbochargers, the radial turbine, is associated with 

inherent limitations in the context of exhaust energy utilization. Primarily, turbine stage design 

constraints result in low efficiency in the pulsating exhaust flow, which impairs the gas exchange 

process. Gas stand and numerical evaluation of the common twin scroll radial turbine stage 

highlighted low efficiency levels at high loadings. For a pulse-turbocharged engine with low exhaust 

manifold volume, the majority of extracted work by the turbine will occur at high loadings, far from 

the optimum efficiency point for radial turbines. In order for the relevant conditions to be assessed 

with regards to turbine operation, the entire exhaust pulse must be considered in detail. Averaged 

conditions will not capture the variability in energy content of the exhaust pulse important for 

exhaust energy utilization.   

Modification of the radial turbine stage design in order to improve performance is very difficult to 

achieve. Typical re-sizing with modifying tip diameter and trim are not adequate for altering turbine 

operation into high efficiency regions at the energetic exhaust pulse peak. 

The axial turbine type is an alternative as a turbocharger turbine stage for a pulse-turbocharged 

engine. The axial turbine stage design can allow for high utilization of exhaust energy with minimal 

pressure interference in the gas exchange process; a combination which has been shown to result in 

engine efficiency improvements compared to state-of-the-art radial turbine stages.  

Keywords: Turbocharger, Heavy-duty, Turbine, Axial, Radial 
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Sammanfattning 

I takt med att konsekvenserna av global uppvärmning blir allt tydligare så har människans sätt att 

leva och verka börjat ifrågasättas allt mer. Samhällsdebatten och det politiska klimatet präglas av en 

allt större oro inför effekterna på vår miljö i framtiden. Stigande havsnivåer, extrema värdeomslag 

och bristande luftkvalité i städer är några exempel på följder som påverkar hela världens befolkning.  

I synnerhet har utsläppen från förbränningsprocesser hamnat i fokus och identifierats som en starkt 

bidragande orsak till global uppvärmning. Transportsektorn, en sektor som till stor del är beroende 

utav förbränningsmotorn och fossila bränslen står för en betydande andel av dessa utsläpp.  

Initiativ har skapats på global nivå för att minimera konsekvenserna utav global uppvärmning. 

Kontinuerliga utsläppsminskningar har föreslagits, med målet att till sist bli helt fri från fossila 

bränslen. Inte bara industrialiserade länder har antagit denna typ utav åtgärder, utan även ett 

växande antal utvecklingsländer. 

Förbättringar utav förbränningsmotorn är utav största vikt för att effektivt begränsa utsläppen från 

både dagens och framtidens fordonsflotta. Fokus för dessa är utan tvekan att höja motorns 

verkningsgrad. Gasväxlingssystemet har en stor inverkan på motorns prestanda och därmed stor 

potential att bidra till en ökad verkningsgrad. Gasflödet in och ut ur motorns cylindrar kommer att 

påverka pumparbetet vilken är starkt kopplad till motorns verkningsgrad. Turboöverladdaren är 

den huvudsakliga komponenten i gasväxlingssystemet. Energin i avgaserna kan tillvaratas genom 

att expandera avgaserna i turboöverladdarens turbinsteg för att driva turboöverladdarens 

kompressorsteg. Om turboöverladdarens komponenter uppnår hög verkningsgrad kan i sin tur 

motorns verkningsgrad höjas vilket resulterar i låg bränsleförbrukning och låga utsläpp. Högt 

insugstryck under insugsfasen och lågt avgasmottryck under avgasfasen leder till ett positivt bidrag 

till pumparbetet. För att uppnå detta måste man se turboöverladdaren ur ett systemperspektiv då 

den endast är en del utav motorns gasväxlingssystem. 

I denna avhandling har inverkan av turboöverladdarens turbindesign studerats i relation till att 

nyttja energin i avgaserna via turbinsteget. Vikt har lagts vid att betrakta turbinsteget som en del av 

”systemet” motor och påverkan på motorns prestanda liksom interaktionen med komponenter i 

avgassystemet. 

Den vanligaste typen utav turbinsteg i turboöverladdare är radialturbinen. Denna har visat sig vara 

begränsad med avseende på att tillvarata energin i avgaserna. Primärt så resulterar begränsningar 

av turbindesignen i en låg verkningsgrad i det pulserande avgasflödet vilket försämrar 

gasväxlingsprestandan. Rigg-prov i gas stand och numerisk utvärderingen utav ”twin scroll”-typen 

har tydligt påvisat låg verkningsgrad vid hög turbinbelastning. För en pulsöverladdad motor sker 

merparten utav energiomvandlingen till turbinarbete vid hög turbinbelastning, långt ifrån optimalt 

med avseende på radialturbinens karaktär. För att kunna analysera turbinens driftområde måste 

hänsyn tas till hela avgaspulsens omfång. Att studera medelvärdesbildad data kommer inte att fånga 

de kraftiga variationerna i avgaspulsens energiinnehåll vilka är utav största vikt för att tillvarata 

energin.   

Att modifiera radialturbinens design för att förbättra dess verkningsgrad i pulserande flöde är svårt. 

Typiska ändringar såsom att variera turbinens inloppsdiameter eller utloppsarea är inte tillräckliga 

för att uppnå hög verkningsgrad då avgaspulsens energiinnehåll når höga nivåer.  

Axialturbinen är ett alternativ till radialturbinen i turboöverladdare för pulsöverladdade motorer. 

Denna typ av turbin medger hög verkningsgrad i kombination med minimal tryckinterferens. 

Kombinationen har visat sig förbättra motorns verkningsgrad jämfört med dagens radialturbiner.  

Nyckelord: Turboöverladdare, Heavy-duty, Turbin, Axial, Radial 
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� Area � Absolute velocity � Force � Moment of inertia, rothalpy � Numerical constant � Meridional length of the rotor passage � RPM � Power 	 Volume 
 Specific gas constant � Torque, temperature � Blade speed  Volume � Relative velocity � Specific heat � Differential  ℎ Enthalpy � Incidence � Mass � Pressure � Radius, radial direction � Time � Specific work � Axial direction � Absolute flow angle � Relative flow angle � Ratio of specific heats � Effectiveness � Efficiency � Tangential direction � Density   Flow Coefficient ! Stage loading " Rotational speed 
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Abbreviations ��
 Air Fuel Ratio #$� Bottom dead center #%
 Blade Speed Ratio #�& Brake thermal efficiency �� Corrected flow �% Corrected speed � Control volume $'& Design of experiments $�% Detached eddy simulation �� Flow capacity �& Leading edge �&% Large eddy simulation �( Lower heating value )&* Original equipment manufacturer �
 Pressure ratio 
+ Richardson number 
% Reduced speed �$� Top dead center �& Trailing edge 

 

Subscript 

0 Total state 1 In, volute inlet  2 Out, stator inlet 3 Stator outlet 4 Rotor inlet 5 Rotor outlet $ Displacement �� Turbocharger  �% Total to static �� Total to total 2 Rotational axis 3 Air 3�4 Ambient  4 Blade � Compressor  5� Exhaust  �+ Inlet, intake � Mass, mechanical '6� Outlet � Constant pressure � Radial component, rotor 7 Stator, spouting, isentropic 76�5� Charge pressure � Turbine  8 Volumetric � Axial component � Tangential component 
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Thesis Outline 

To define the scope, motivation, aim and overall research questions of the project, Ch. Introduction 

serves to provide a general background of this thesis. In this section a brief overview of the thesis 

will be described to guide the reader. 

Apart from the introductory part, the thesis is divided into three main sections. The theory 

necessary for turbocharger turbine stage development, key results and a summary of the findings. 

A brief description of each chapter of the thesis has been included below.  

In Ch. Turbocharging, the basics of turbocharging is explained. It includes a brief historical 

background and theory behind supercharging the internal combustion engine. The overall 

turbocharger matching procedure is described in conjunction with the gas exchange process. The 

two main turbocharging strategies are presented. Finally, current state-of-the-art turbocharging 

arrangements with focus on the turbine stage are covered in a short summary review.   

In Ch. Turbine Design, the turbine stage is described in detail along with a discussion of 

turbomachinery in general. An overview of turbine type characteristics and basic turbine design 

methodology is presented. A summary of turbocharger specific turbine properties is raised and 

discussed. Emphasis will be placed on the difference between steady flow and the turbocharger 

application. 

In Ch. Turbine and Engine Interaction, the focus is on the engine system approach. The complex 

interaction between engine and turbocharger is highlighted. The exhaust process is described on an 

overall level in relation to turbine stage operating conditions. Aspects of efficiency, separation and 

design are highlighted in the context of pulse-turbocharged engines with multiple inlet turbine stage 

arrangements. The basics of engine simulation of turbocharged engines are described. An overview 

of studies within the field of unsteady assessment of turbocharger turbines is presented. 

In Ch. Methods, an overview of the methods used in this project is presented. No theory or 

additional information is provided; the basics have been covered in the preceding chapters. The 

specific research questions are defined. 

In Ch. Results, the overall results from all studies within this thesis project are presented in 

chronological order, starting with radial turbine stage assessment and ending with the evaluation of 

axial turbine stage designs. Each contributing paper will be referred to for further details.    

In Ch. Summary and Conclusions, the project outcome is summarized and conclusions presented. 

In conjunction, a brief discussion on the limitations and uncertainties of the work is raised.    

The papers included in this thesis are listed in Ch. Appended Papers. A brief summary and the 

distribution of work for each paper can be found in Ch. Summary of Papers.   
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1 Introduction 

Since the first reciprocating engines with internal combustion were conceptualized and built in the 

late 1900s, considerable work has been undertaken to improve all aspects of this machine. In the 

wake of Otto and Diesel, inventors, researchers and engineers have put the original inventions into 

widespread use. Engines for land, maritime and air transport led to the emergence of a new society 

and revolutionized economic growth. In particular, new ways of transportation led to the 

construction of highways, airports, ports, etc. made available to both the public at large and 

industry. It could be said that the first engines to be built had an enormous effect on societal 

development, perhaps more than any other invention. The way of living we take for granted today 

pays tribute to the development of the Internal Combustion Engine. 

In the early days of commercialization, the engines were welcomed as a “clean” alternative to the 

horse, which dominated urban transport. Vehicles propelled by an engine did not need to be fed and 

did not litter the streets. Ironically, engine power output to this day is still measured in horsepower. 

Even so, such vehicles were mainly an alternative mode of transport for the wealthiest parts of the 

population, cumbersome to operate and not very fast. However, the standard of living started to rise 

and breakthrough technical development led to rapid industrialization. Factories could adopt low 

cost, high-quality and fast manufacturing processes. Mass production started and led to the 

assembly line structure of vehicle and engine production that is still used today. 

It was not long before the internal combustion engine could be produced at a low cost and found its 

way into the lives of ordinary people. Manufacturers of a wide range of applications could offer 

commercially viable products and competition enabled consumers to choose from a large selection 

at a reasonable price. At the same time, exploration and the refinement of oil led to the availability 

of significant amounts of engine fuel, an almost unlimited resource at the time. Engines now 

fulfilled a customer’s needs and were profitable for the industry; a totally new market segment 

emerged. 

However, it was not long before the downside of this rapid development started to appear. The huge 

demand for fuel led to rationing, conflicts and price increases during energy crises and times of war. 

Smog and acid rain in congested areas became a reality as huge numbers of vehicles operated in or 

close proximity to cities. Local and global emissions resulting from the combustion of fossil fuels in 

engines have attracted attention since the early days of motoring. Due to the widespread use of the 

internal combustion engine and its reliance on oil, it is not surprising that the transport sector 

stands out. The effect on Global Warming and Climate Change put emissions on the World 

Agenda. Mitigating the consequences could be regarded as possibly the most demanding challenge 

of the 21st century. Climate change resulting from CO2 emissions to the atmosphere from burning 

fossil fuels is impacting all of the world’s inhabitants. Melting ice caps, rising sea levels, extreme 

weather events all change the conditions for living and doing business. Efforts to limit the 

consequences are being drawn and implemented on all levels. This is a very difficult task, as the 

world is becoming increasingly industrialized in tandem with increasing energy demands. 

Nonetheless, ambitious goals of limiting the effects of global warming have been signed and agreed 

on a UN level [1]. The target has been set for each signatory country to contribute to restricting the 

temperature rise to only 1.5 degrees Celsius, globally.  

The vehicle transport segment, which is responsible for a large proportion of total transport 

emissions and energy consumption has faced very significant challenges. Fig. 1 [2] shows a 

breakdown of energy and oil consumption for different modes of transport. A significant dominance 

is evident for the vehicle transport sector, making up around 75% of all oil consumed in the 

transport sector in 2009. As oil is refined from fossil petroleum sources, the associated emissions 



17 

 

will be very significant. In 2015, it was reported that transport alone contributed to 7.8 Gt of CO2, 

equivalent to 22% of the total CO2 emitted [3].    

 
Figure 1. Energy consumption by means of transportation [2]. 

Environmental awareness has led to government legislation regarding emission levels and 

reductions in fuel consumption. Legislation has been passed in many instances and in many 

countries around the world. The EU has stipulated a CO2 limit for car manufacturers to enforce 

more environmentally-friendly transportation. In 2021, all new cars sold in Europe must emit a 

maximum of 95 g of CO2 per kilometer based on the fleet average of the respective manufacturer 

[4]. The average is based on the emission performance of newly registered vehicles in a given year. 

For every gram of CO2 and vehicle sold in excess, a premium must be paid by the manufacturer. 

Similar requirements have been stipulated for other modes of transport. Every transport sector will 

be affected, although with varying degrees of severity.   

Regarding local emissions, the transport sector also makes a significant contribution to global 

levels. For 2015, Nitrous Oxide (NOx) emissions related to the transport sector constituted on the 

order of 50% of the total amount emitted that year. Figures for Sulphur Dioxide and fine particulate 

matters are at 12% and 7% respectively [3]. Such emissions are harmful to human beings exposed in 

proximity to vehicles, such as in an urban environment.  

The industry has come a long way since engines were totally un-regulated with regards to emissions. 

At present, the Euro 6 legislation came into effect as of 2015. It stipulates levels for a range of 

atmospheric contaminants such as Nitrous Oxide, Hydrocarbons, Carbon Monoxide, etc. As an 

example, compared to the Euro 1 levels introduced in 1992, particulates must be reduced by 96% to 

comply with Euro 6 legislation for new Diesel engines [5]. 

Traditionally, emission levels have been assessed using a pre-defined test cycle for the vehicle. In 

Europe the so called New European Driving Cycle, NEDC, was the standard and was run in a 

laboratory environment. While this provided well-defined and repetitive conditions, recent 

measurements of emission levels in normal operating conditions “on the road” have been observed 

to achieve considerably higher values compared to lab results. Also, questions have been raised 

regarding the test cycle not being representative of real-world driving. These deviations have 

spurred more “realistic” test cycles and emission measurements. The test cycle Worldwide 

Harmonized Light Vehicles Test Procedure, WLTP, and the “on-road” measurement procedure Real 

Driving Emissions, RDE, have been introduced [6]. The WLTP cycle will be used for future 
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assessment of the CO2 performance of vehicles along with Portable Emissions Measurement 

System, PEMS, for measurement on public roads.     

To cope with increased requirements for low emissions and fuel consumption, new, innovative and 

cost-effective technology is required. The industry must introduce a reduction in fuel consumption 

and emissions simultaneously. Both requirements are interrelated and, in some instances, even 

opposing. It is safe to say that the vehicle industry is facing challenges like never before. Business as 

usual is a thing of the past… 

Advanced emission reduction techniques such as Diesel aftertreatment with particulate filters, soot 

traps, reduction catalysts, etc., have become a necessity. Both light-duty and heavy-duty vehicles 

have been fitted with such systems in production. At the same time, the development of engine 

efficiency improvements with high compression ratios, low friction, turbocharging and other forms 

of exhaust waste heat recovery systems have been implemented. Thus, the necessary measures to 

create more environmentally-friendly engines can be divided into two parts: emission reduction and 

fuel consumption reduction, although they are inter-connected.    

Combating fuel consumption while also reducing emission levels can be difficult as one may affect 

the other in the “wrong” direction. High efficiency combustion can require air fuel ratios that are 

difficult to handle using downstream emission-reducing devices. Or the temperature limit for 

efficient emission reduction can postulate a high exhaust gas temperature which requires more fuel, 

a consequence of the temperature sensitivity in order for emission chemistry to work.  

To complicate matters even further, alternative means of propulsion such as electrified powertrains 

and fuel cells have emerged. The growth of Electric Vehicles, EVs, has exploded, totaling around 2 

million vehicles in 2016 compared to 1 million in 2015 [7], a trend which has been projected to last. 

Among key drivers highlighted for the use of electric powertrains, Total Cost of Ownership, TCO, is 

currently ranked high [8]. The EV is not only a matter of customer environmental concern but is 

evidently becoming increasingly more cost-effective. The cost, mainly comprising the expensive 

battery pack, is no longer an obstacle. The combination of government subsidies, reduced taxation 

and the low price of electricity make EVs ideal for a growing number of motorists. As a consequence, 

some manufacturers have even claimed they are no longer developing the internal combustion 

engine [9]. A bold statement that nevertheless reflects the winds of change in the industry. While 

electrification mainly concerns light-duty vehicles, trials of heavy-duty vehicles are under way. As of 

2018, tests with short haulage distribution transportation are being conducted in customer 

application by a major heavy-duty vehicle manufacturer [10]. 

In light of more stringent emission legislation, increased urbanization, shift of electricity generation 

sources, reduction of EV ownership costs, growing vehicle charging infrastructure and more 

environmentally concerned customers, internal combustion development is being subject to lot of 

pressure. The Diesel engine in particular has had a difficult time since the unravelling of the Diesel 

Gate scandal, which revealed tampering with emission control systems. A number of countries have 

even planned for a future ban on the internal combustion engine in the coming decades [11]. It is 

safe to say that the entire energy system is under intense review at all levels, not only with regard to 

environmental performance on a global and local level but also with the future supply and electricity 

generation. Fossil fuels are not only unsuitable from an emission and security of energy supply 

perspective but are now competing economically with sustainable energy sources such as wind and 

solar power [12]. The scale of operation of renewables is not confined to small pilot plants but has 

been implemented on a major level. It has been projected that by 2022, Denmark will provide 70% 

of its total electricity demand from renewables [12]. This creates a strong case for EVs with regards 

to environmental performance.   
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Nevertheless, it has been forecast that the internal combustion engine will remain in one form or 

another for decades to come [2], [3] and [13]. Also, it has a number of advantages which may be 

difficult to achieve using an alternative powertrain. Power density, low grade base materials and 

production costs, independence from grid and electrical infrastructure, fuel flexibility, high 

operational availability and durability are all hallmarks of the modern internal combustion engine. 

Some may argue that the long haulage transport application may not even be suitable for 

electrification or argue that it only has minor benefits [14]. However, all kinds of combinations and 

degrees of electrification are under intense development. 

In the discussion of new powertrains, and especially electrified powertrains, several interesting Life-

Cycle Analyses have been conducted to take into account accumulated emissions from the “cradle to 

the grave”. This is valuable for ranking the total environmental burden, not only during the use of 

the vehicle but also during the manufacturing and recycling process, which is something that may 

have been overlooked or disregarded for a long time. EVs are simply defined as vehicles powered by 

electric propulsion. However, this says nothing about the source of the electricity. Actually, even 

though a significant contribution has been made recently in the form of renewable sources, most of 

the world’s electricity generation is still based on fossil fuels. Depending on the source, quite 

significant emissions of CO2 can be associated with electrical energy generation, as highlighted in 

[15]. Consideration of the powertrain and its efficiency only does not take into account the full 

environmental burden. Also, mining and the production of EV batteries have come under scrutiny 

with regards to both energy intensity and emissions [16]. Relatively high CO2 emissions have been 

reported, 150–200 kg CO2/kWh for commonly used Lithium-ion type batteries, a figure that can 

translate into tens of thousands of kilometers of driving using a modern Diesel engine. An EV with a 

large battery can be a burdened with significant CO2 emissions before it is handed over to the 

customer. This puts a new perspective on the debate, which can have implications for the future of 

the internal combustion engine, especially with the introduction of new generations of biofuels in 

high-efficiency engines with low emissions.   

Although engines for road-going vehicles may seem very similar, there are significant differences 

between heavy-duty and light-duty vehicles, primarily concerning the way the vehicle is being used. 

A heavy-duty truck in relation to a passenger car will cover long distances frequently with a 

requirement for high reliability. Fuel running costs are rather high in the Total Cost of Ownership 

(TCO) and a long economic product life cycle is expected. In summary, the truck is a “tool” that 

transport companies rely on for profitability and their ultimate survival. Thus, engine design and 

requirements will differ even though the general functionality is the same as for any other 

application. The focus on engine efficiency has particularly been at the center of attention among 

heavy-duty truck manufacturers. Even a minor reduction in fuel consumption can result in 

significant fuel savings and emission reductions for the customer. This becomes clear when taking 

into account the amount of road-going heavy-duty transport operations. In 2015, it is claimed that 

haulage transport sector was responsible for consuming 32% of all energy in relation to all transport 

and consumed 50% of all Diesel fuels [3]. Fig. 2 [3] shows a breakdown of oil consumption in the 

transport sector for 2015. 
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Figure 2. Oil consumption by transport sector [3]. 

Most goods transported by road will be loaded onto a long-haulage truck and transported from 

customer to client, in every country, all-year around. This is reflected in the high level of oil 

consumption as shown in fig. 2 and highlights the importance of energy efficiency improvements in 

the heavy-duty transport sector. As a consequence, several governmental and regional incentives 

have been created to raise the overall efficiency of this transport system in order to reduce the 

environmental burden. In the U.S., the SuperTruck program aims to improve both freight and 

engine efficiency. The first phase sets an efficiency improvement target of 50% in freight efficiency 

and 20% in engine efficiency [17]. Several large truck manufacturers operating in North America 

developed  prototypes and competed to achieve this target. In 2016 it was reported that several 

manufacturers actually made improvements in excess of the freight efficiency target [18]. Based on 

this success, phase two is now continuing with a target to achieve 100% increase in freight efficiency 

and 55% brake thermal efficiency of the engine. In Europe, the CORE project had similar targets in 

order to make the transport system more efficient and reduce the toll on the environment. It 

postulated an increase in fuel efficiency of 15% at Euro 6 emission levels with the overall aim of 

reducing the CO2 impact of heavy-duty trucks [19]. The best truck prototype achieved a 12.9% 

improvement in fuel efficiency using an integrated hybridized powertrain. Both these incentives 

show the potential of the improvements that could be implemented. The time frame for each project 

is relatively short and the incentives stipulate that all technology should be made possible to 

implement in production. Therefor “real world” benefits is totally realistic to expect in the near 

future.   

In order to achieve high engine efficiency, several different engine technologies were considered. 

Notably, all trucks used an internal combustion engine in favor of pure electric propulsion, although 

in some instances as part of a hybrid electric drivetrain. From the project reports, different areas of 

importance can be found with regards to engine efficiency improvements and technical solutions 

[19] and [20]. A key area that was highlighted is the gas exchange process, managed by the engine 
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turbocharger system. By successfully matching the compressor and turbine components using 

high-efficiency turbomachinery designs, engine fuel consumption was reduced and the 

manufacturer moved one step closer to achieving its efficiency target.  

The turbocharger has demonstrated a potential for increasing overall system (engine) efficiency 

through an efficient engine gas exchange process. Utilizing hot exhaust gas energy via the turbine 

positive pumping work can provide engine efficiency improvements. The process is based on 

supplying high intake pressure by the turbocharger compressor, in excess of the exhaust pressure. 

The specific turbine geometry will need to be designed with high efficiency in the turbocharger 

application in order to utilize the maximum energy available. In conjunction with this discussion, 

the turbocharger and engine interaction must be emphasized. Due to the reciprocating motion of the 

internal combustion engine, the flow throughout the engine will be unsteady in time but periodic. 

On the exhaust side in particular, the turbine will encounter exhaust pressure pulses from each 

connected cylinder. 

The unsteadiness of the internal combustion engine poses quite a challenge with regards to 

turbocharger turbine design. Not only is this a complex system in which both the turbine and engine 

affect each other, the turbine state-of-the-art design process is conducted at steady-state flow 

conditions. A design point is set with given flow quantities of pressure, temperature, mass flow, 

rotational speed, etc. An immediate question that arises is how this will relate to the turbine 

operating conditions in the turbocharger application.  

In general, for heavy-duty and light-duty turbochargers, the turbine will be designed with a number 

of constraints. Low cost, low weight and inertia, engine packaging requirements and mechanically 

robust design are key ingredients for a mass-produced turbine stage. However, the resulting design 

tends to be less than optimal with regards to aerodynamic performance, which dictates turbine 

efficiency. Traditionally, the steady-state design process worked satisfactorily for engines with 

Exhaust Gas Recirculation, EGR, or engines in which the gas exchange process was not given much 

consideration. Notably, in the former case, high exhaust pressure is needed to drive the EGR flow. 

As a consequence, the exhaust pressure pulses will be reduced since the turbine must pose a severe 

restriction to achieving this pressure.  

However, in light of the mandated emission and fuel consumption reductions, all potential areas of 

improvement must be identified and developed. With all the constraints imposed on turbine design, 

there is still room for improvement for current engines as shown by recent efficiency incentives. 

Making a significant contribution to overall engine performance improvements and possible to 

implement in production. The benefits will not just be a “desk product”, prototype or simulation but 

will be of real world importance.  

Interestingly, it is only recently that the gas exchange process has been highlighted as a main 

contributor to overall engine system efficiency for heavy-duty engines. In line with findings on the 

importance of efficient turbocharging, this research project was initiated with a focus on turbine 

design for high engine efficiency. 

In order to understand the turbocharger turbine in the engine context, as part of a system, the 

operating conditions need to be characterized. This will serve to relate the energy levels in the 

exhaust flow and associated turbine efficiency at the prevailing flow conditions. When the full 

analysis is conducted, the influence of the turbine design point can be assessed and optimized for a 

given engine. 

The radial turbine type has been favored in many turbocharger applications, especially for heavy-

duty and light-duty engines. It can be designed with all of the constraints in mind with regards to 

mass production and offered through vendors to vehicle manufacturers. However, in some engine 

applications, other types of turbine turbomachinery may be more suitable. It is therefore important 
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not to miss other possible turbine configurations that have the potential to result in an even more 

efficient turbine stage. 

In conjunction with an assessment of the full range of turbine types, different turbocharger layouts 

also need to be considered. The turbocharger turbine forms part of the engine as a system. The 

number of cylinders, exhaust manifold design and charging concept can significantly alter the 

optimum layout and turbine design. 

1.1 State-of-The-Art Level 

Before proceeding with further details on this project, the current state-of-the-art-level will be 

outlined in relation to turbocharger turbine stage development.  

The majority of work conducted in this field in past decades has concentrated on refining the radial 

turbine stage and methods of performance assessment. Key drivers have been increasing demands 

on engine performance, reduced development times and optimization. 

Compared to the historical work often outlined in turbocharging literature [21] and [22], the rapid 

development of simulation tools has provided a new way of conducting research and development. 

It is now common to simulate entire engines, optimize and provide detailed turbomachinery flow 

fields and assessment, etc. This was not possible a few decades ago and has paved the way for 

approaching turbocharger design and analysis in an entirely new way. The simulation environment 

has been crucial to recent developments in turbocharger turbine stages. 

The radial turbine stage, common to both heavy-duty and light-duty turbochargers, has been 

identified early on as limited in pulsating flow. Specifically, it was observed that the efficiency 

reduced substantially at high loadings corresponding to the peak region of the exhaust pulse with 

high energy density. As valuable potential for exhaust energy utilization is lost, ways of improving 

the efficiency by design alterations were considered. In an early study [23], hardware prototypes 

were manufactured and tested to alter the turbine characteristics in order to achieve more favorable 

performance. With a design modification of the blade angle at the rotor inlet, the efficiency level 

could be raised at high loadings but led to high centrifugal stress levels. A more recent investigation 

[24] has examined the same modification using modern design tools but with more or less the same 

results. However, the favorable efficiency can be combined with more moderate stress levels using a 

“tilted” rotor inlet. This kind of turbine stage is often termed the mixed flow type and has received 

considerable attention.    

The mixed flow turbine stage is a typical example of recent developments in turbocharger turbine 

design for higher efficiency in pulsating exhaust flow. A number of studies have considered the 

performance implications of design changes and engine performance improvements. In the former 

category, the efficiency benefit has been highlighted in several cases [25], [26] and [27]. It is 

possible to shift the efficiency peak towards higher turbine stage loadings, which is relevant to the 

turbocharger application. For the engine, improvements in transient response have been shown to 

be a result [27].   

While the mixed flow turbine stage can be regarded as a refinement of the radial turbine stage, it 

also has some disadvantages. One main aspect is the implementation of multiple inlets, which may 

be difficult due to the rotor geometry. Turbine stages with multiple inlets are used for pulse-

turbocharged engines when the cylinders are to be separated from each other and to allow for a 

compact exhaust manifold. Pulse-turbocharging is a strategy of maximizing the energy available to 

the turbine stage by preserving the exhaust pulse. This has become common for engines in heavy-

duty applications because of the engine efficiency contribution potential of the gas exchange 

process. 
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The twin scroll turbine stage is often favored over the mixed flow turbine stage. It incorporates two 

inlets that can be connected to two cylinder groups that are ideal for a six-cylinder engine. It is still a 

radial turbine stage but is admitted via two inlets. This kind of refined radial turbine stage has been 

at the center of attention of newly developed engine concepts that focus on high gas exchange 

performance and engine efficiency [28]. The twin scroll turbine stage is now included in many new 

engine models that enter production for heavy-duty applications. 

Some applications have more complex turbocharger arrangements. A recent trend in high efficiency 

engines is the two-stage turbocharger system. The layout comprises two separate turbochargers 

often connected in series. It allows for very high boost pressure levels into the engine, which is 

necessary for elaborate valve timing strategies such as Miller timing. The two-stage concept has 

been shown to be a feasible way of reducing both emissions and fuel consumption [29] at the cost of 

increased complexity. 

The turbocharger system described in [29] includes the axial turbine stage in one of the 

turbochargers. This turbine type is rarely encountered in the world of heavy-duty and light-duty 

turbochargers. It allows for new possibilities in design and characteristics compared to a radial or 

mixed flow turbine stage. The efficiency at high loadings can be improved increasing the potential 

for exhaust energy utilization. However, to date, the axial turbine has not often been considered for 

pulse-turbocharged heavy-duty engines. In the few cases in which it has been implemented, the 

focus has primarily been on inertia reduction [30] or for use as a compound stage [29]. Only a 

limited amount of work has been undertaken in the context of axial turbines for high efficiency that 

focuses on exhaust energy utilization and engine system performance. 

As mentioned at the start of this section, increasingly more work is carried out using powerful 

numerical tools for simulation. These tools provide substantial benefits with regards to analysis, 

design, etc., but also raise the question of representation of the turbine stage. Does the simulation 

reflect reality? It has become an important topic and a fundamental aspect of the accuracy of engine 

simulation analysis.  

 

Using measurements and numerical CFD evaluation of turbine stage performance in pulsating flow, 

unsteady effects have been observed. These are effects resulting from accumulation and expulsion 

of flow of exhaust system component and turbine stage fluid volumes. This phenomenon can occur 

to a varying degree in pulsating flow typical of the exhaust flow of the internal combustion engine. 

However, current methods of turbine stage evaluation are based on steady flow assessment. The 

findings question the representation of the turbine stage used in engine simulations.  

The typical case of the unsteady effects of multiple entry turbine stages has been assessed 

experimentally in [31] and [32] in a pulsating flow rig, replicating the exhaust flow to some extent. 

The unsteady performance could be compared to steady state, highlighting the main differences. 

Also, numerical efforts in this respect have been shown, including imposed conditions from engine 

simulations in CFD. In [33], a mixed flow turbine stage was extensively evaluated with respect to the 

influence on flow fields from the unsteady effect. A very limited number of studies have examined 

the axial turbine stage performance in pulsating flow [34] and [35]. The studies indicate that both 

efficiency and flow capacity of the turbine stage will be affected in pulsating flow compared to steady 

flow. More details on unsteady effects are included in section 4.5. 

Attempts have been made to try and include the unsteady effect in the turbocharger turbine stage 

matching process [36]. So-called unsteady turbine maps have been made and engine results 

compared to the more traditional ways of turbine stage representation in engine simulations. 

Although the methodology is sound and should improve simulation accuracy, only a minor effect on 

engine performance was observed. 
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The unsteady effect on turbine stage performance as a result of the pulsating exhaust flow is still up 

for debate and is the subject of ongoing research. At this point, no real conclusive method or 

discovery that renders unsteady assessment unambiguous have been presented.  

From a turbine design perspective, the unsteady influence is very interesting as all design work is 

conducted at steady-state conditions. The unsteady effect could be confined to parts of the turbine 

stage with considerable flow volume such as the turbine volute and not the rotor. A recent 

experimental study quantified the onset of the unsteadiness and was able to determine that the 

turbine stage rotor operated in a quasi-steady manner [37]. Previous studies have reached the same 

conclusion [38]. The result indicates that the present tools for turbine design could be used since 

the unsteady effects are mainly confined to upstream components. 

While a considerable effort has been made to improve the performance of the turbine stage and the 

representation in pulsating flow, a number of aspects need to be addressed. The most important is 

the absence of the turbine design aspect. In many studies, a fixed geometry is analyzed either 

through experimental measurements or simulations. As this may provide valuable insights, design 

alterations must be emphasized in order to achieve optimum performance.  

Further, the design point conditions used for turbine stage design need to be considered in relation 

to the energy content of the exhaust pulse. Otherwise, it is very likely that the turbine stage will be 

unable to perform to its full potential. This becomes particularly important in the pulsating flow 

encountered in pulse-turbocharged engines. Turbine stage operating conditions are dependent on 

integration of the entire engine gas exchange system, hence a systems-based approach is required 

for turbine stage design considerations. 

The turbine stage cannot be taken out of its context, the engine system. It must always be regarded 

as an integral part. The goal is not component sub-optimization but the highest attainable 

performance of the engine system. This aspect needs to be included in the turbine stage design 

phase and also investigated.  

Finally, turbine characteristics must be taken into account during the early design phase and not be 

predetermined as a radial turbine stage, as is often the case. 

Based on the current state-of-the-art level, the main hypothesis of this thesis can be formulated. 

The radial turbine stage does not offer optimal performance for utilizing the energy contained in the 

exhaust flow. Its characteristics will limit the energy extracted at the exhaust pulse peak. 

Other turbine designs need to be considered and evaluated as part of the engine as a system. The 

axial turbine stage is an interesting candidate with potential. This type of turbine design could 

increase the efficiency at the relevant point in the exhaust pulse for optimal energy recovery by the 

turbocharger turbine stage.   

Further background and details on the concepts discussed in this section are provided in the theory 

chapters of the thesis, Ch. Turbocharging, Ch. Turbine Design and Ch. Turbine and Engine 

Interaction. 

 

1.2 Project Aim 

For any modern engine, high performance will ultimately be synonymous with low engine emissions 

and high efficiency. It is simply not possible to disregard either aspect and the ultimate target will be 

a fully optimized engine system for a given application. The turbocharger turbine stage plays a 

significant role in the gas exchange process, which has implications for all engine performance 

parameters, let alone emissions and efficiency. By utilizing exhaust energy via the turbine stage, an 
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effective way of energy recovery can be achieved. Thus, the turbine component of the turbocharger 

is the focal point of this thesis. 

The overall aim of the project can be divided into three parts: 

• Characterize turbocharger turbine stage operating conditions in relation to the engine 

exhaust process. 

 

• Assess the influence of upstream exhaust system design on the turbine conditions using a 

systems-based approach. 

 

• Investigate the possibilities of turbine design to achieve optimum engine system 
performance.   

 

In order to carry out the work needed to fulfill each aim, a more detailed breakdown was conducted 

to create the research questions for this project.    

 

  

1.3 Research Questions 

The overall research questions are listed below, each one serving to fulfil the aims of this project. 

• What does a crank-angle-resolved turbine operation look like for a heavy-duty engine? 

 

• What is the influence of upstream exhaust system geometry on turbine operation? 
 

• How is turbine design affected by design point conditions? 

 

The methods chosen for the investigation will include both numerical simulation and physical 

testing based on measurements. In Ch. Methods, more details will be presented in this regard and 

detailed research questions outlined.  
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2 Turbocharging 

Since the beginning of the 20th century, rapid advances have been made in technology and 

engineering. With regards to the internal combustion engine, the need to travel, faster, longer 

distances and at higher altitudes spurred the development of high power engines. Initially, the 

demand came from the aviation industry. It led to new ways of achieving high engine output by 

altering the gas exchange process.  

Increasing the inducted air mass in the cylinder allows more fuel to be injected, resulting in higher 

power output. In practice, raising the inlet density of the air became a feasible way of achieving this 

effect. By incorporating a so-called supercharger device, the intake air can be compressed to high 

pressure with a resulting increase in density.  

The basic principle of supercharging was developed in the pioneering days of the internal 

combustion engine. As early as 1885 [39], Daimler had patented a compression device capable of 

forcing air into an engine. Büchi patented the first exhaust gas driven supercharger (turbocharger) 

in 1905 [39]. It took a while for the inventions and general principle to be adopted commercially but 

they were soon in service on a huge scale. In 1925, Büchi contributed to the introduction of the first 

commercial turbocharged diesel engine [21] and [39]. By the end of World War II, supercharged 

piston engines for aircraft propulsion became common. In order to sustain flight at high altitudes, 

carry heavy loads and develop high speed power outputs, the supercharged engines were used on 

both small and large aircraft.   

Interestingly, at around the same time it was noted that the supercharging concept could also help 

to increase engine efficiency. A notable engine in this respect is the Wright Curtiss Duplex Cyclone. 

It was capable of such low fuel consumption that long-distance commercial flights were possible 

over the Atlantic in the 1950s. This engine was fitted to a number of aircraft, notably the Douglas 

DC-7 and Lockheed Constellation [40]. It featured an innovative turbo compound turbine concept 

that captured exhaust energy that would otherwise have been wasted. By providing the turbine work 

to the engine crankshaft, efficiency was increased substantially and fuel consumption decreased. 

Another example is the Napier Nomad engine, a two-stroke diesel engine intended for aircraft 

propulsion, a very special combination. It had a highly complex supercharging arrangement with a 

multi-stage axial compressor driven by a multi-stage axial turbine bearing similarities to a gas 

turbine engine. The turbine provided power to both the crankshaft and the compressor. Although 

there were concerns about engine weight, complexity and the rapid development of the jet engine at 

the time, it achieved very low fuel consumption.  

Both the Nomad and Duplex Cyclone realized the potential for recovering the energy contained in 

the exhaust gases via an exhaust turbine and provide intake boost by means of a compressor. The 

resulting minimum fuel consumption achieved levels in the region of 0.35–0.40 lb/shp-hr [41] 

equivalent to 220-240 g/kWh, a level which can be seen in modern production engines some 60–70 

years later. In fig. 3, cut sections of both engines illustrate the complex engine design.  
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Figure 3. The Napier Nomad (top) and Wright Curtiss Duplex Cyclone (bottom) engine. Based on [39] and 
[40], turbine stage highlighted. 

 The resulting power output of the piston engine increased substantially as supercharger 

development continued. Although this may have been adequate for subsonic aircraft with propeller 

propulsion it was not sufficient for higher, supersonic speeds and higher payloads. It was soon 

possible to realize the development of the gas turbine and this overtook the role of aircraft 

propulsion in the form of the jet engine. Advances in aerodynamics and materials made it possible 

to construct the components of the turbine engine. The subsequent emergence of turbochargers for 

mass production would rely on high temperature alloys, design and analysis methods originally 

developed for the gas turbine engine.   

However, the concept of supercharging did not end with high power aircraft engines. Other 

applications, both road-going and marine piston engines, could benefit from this concept. Heavy-

duty engines with forced induction for transportation was introduced in the 50s. MAN and Volvo 

were among the first manufacturers to utilize such engines in production trucks. In the 1960s, many 

manufacturers followed suit and more or less entire engine line ups were turbocharged.  

A notable example is the Scania V8 engine launched in 1969, which was the most powerful engine in 

the segment at the time, rated at 350 horsepower. The turbocharger was a key enabler for achieving 

high power levels while maintaining high efficiency and low emissions. Nowadays, all engine 

manufacturers include turbocharging in their engines as a prerequisite for high performance.  

Similarly, light-duty engines followed suit with downsized and high power engines, often with a 

TURBO badge on the rear of the car. Among the first turbocharged production cars were the 

Chevrolet Corvair and Oldsmobile Jetfire in the early 1960s, followed in the 1970s by the notable 

SAAB 99 Turbo, BMW 2002 Turbo and Porsche 911 Turbo. Since then, the use of turbochargers has 
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increased dramatically. Nowadays, virtually all passenger cars are equipped with some form of 

forced induction.   

In order to understand the concept of supercharging, it is useful to start from the engine parameters 

that affect the power output. The internal combustion piston engine develops power in accordance 

with eq. 1. 

� = �=�2 >�?@ABCDEF��
 �GHI�( 
eq. 1 

 

It can be seen that the intake manifold density, �?@ABCDEF , plays an important role in the power 

produced. High air density will augment the oxygen level in the cylinder by increasing the inducted 

air mass. By means of a compression device – the supercharger – intake air can be pre-compressed 

before entering the cylinder. The pressure and temperature level after the compression process will 

dictate the resulting density. It is not uncommon to combine a supercharger with a heat exchanger – 

charge-air cooler – to increase density even further. The inevitable post-compression temperature 

rise can be mitigated by cooling the intake air. 

Many different kinds of supercharger devices have been constructed ranging from piston-based 

devices, lobe/screw compressors to turbomachines. In the heavy-duty application, a centrifugal 

compressor is commonly used and forms part of the latter category. It has a number of 

advantageous properties that suit the engine requirements well. The centrifugal machine can 

provide high intake pressure (boost) as a single component. A pressure ratio of up to 5 can be 

accommodated per stage with an adequate operating range typical for vehicle application. In 

combination with high flow rates, it becomes ideal for high power outputs. Further, the compressor 

is a rather simple component with only one rotating component, making it suitable for mass 

production. 

How a supercharger device is powered can vary; both very simple and complex arrangements exist. 

In general, a distinction is made between mechanically-driven and exhaust-driven superchargers. 

The first category relies on some form of mechanical coupling with the crankshaft in order to 

provide the necessary power, or it can be powered “stand alone” by an electric motor. The rotational 

speed of the centrifugal compressor is on the order of almost 100 times the crankshaft rotation so a 

mechanical transmission or high speed electric motor is required. The other option is to power the 

compressor using an exhaust turbine. This kind of arrangement, an exhaust-driven supercharger, is 

usually termed a “turbocharger”. A turbocharger compressor has no direct connection to the engine 

crankshaft but fully relies on the turbine for power, connected by a simple shaft. The turbine itself is 

driven by the expansion of hot exhaust gases that escape from the cylinder at the exhaust valve 

opening. 

The advantage of the turbocharger arrangement is that exhaust energy is recovered by the turbine 

and no external power supply is necessary. Thus, engine efficiency does not need to be sacrificed at 

the expense of high power output. 
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2.1 Turbocharger Components 

The turbocharger of any engine generally comprises three main components: the compressor stage, 

turbine stage and bearing housing. The base components of a heavy-duty turbocharger can be seen 

in fig. 4.  

 
Figure 4. Heavy-duty twin scroll turbocharger cross-section view. The colored arrows indicate compressor 
and turbine stage. 

The compressor will supply the engine with pressurized air by compressing the intake air and 

delivering it to the intake manifold. A heat exchanger is commonly fitted between the compressor 

outlet and the intake manifold, the charge-air cooler. By cooling the compressed air, a further 

increase in density can be achieved. 

On the exhaust side, the turbine stage will be connected to the engine by an exhaust manifold. The 

exhaust gases from each cylinder are collected in the manifold and directed towards the turbine 

stage inlet. Downstream of the turbine stage, an aftertreatment device such as a three-way catalyst, 

particle filter etc. is connected to reduce emission levels. 

Both the turbine and compressor stage work by the fundamental principle of moment of momentum 

that governs all turbomachines. The flow will be deflected in the blade passages while being 

subjected to either an expansion or a compression process. The process will dictate the direction of 

energy transfer by work. A more thorough explanation of the principle of turbomachinery will be 

presented in Ch. Turbine Design.  

The turbine and compressor stage is connected by a shaft that is supported by radial and axial 

bearings in the bearing housing. All three components are mated by various clamping devices such 

as V-bands or screws to form the turbocharger as a unit. The bearing housing will supply lubricating 
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oil to the bearings that is shared with the engine oil system and provides vibration dampening. Shaft 

seals are normally included to prevent oil leakage and oil overheat by effectively separating the oil 

and gas flows. In some applications such as Otto engines, the bearing housing is cooled externally by 

a water jacket because of excessive exhaust gas temperature. Up to 1,000 °C can be encountered.    

The turbine stage and compressor stage can be further divided into sub-components although both 

will include a volute or housing and a rotor part.  

The compressor volute houses the rotor and provides the inlet and outlet interface of the stage. The 

air will enter axially, turn in the rotor, exit in a radial direction into the diffuser and further towards 

the volute exit. Fig. 5 shows the compressor in a cut section view in the axial-radial plane 

highlighting the layout.  

 
Figure 5. Compressor stage cut section. 

Pressure is increased gradually throughout the stage by diffusing flow. In some compressor 

applications, inlet guide vanes, airfoil diffusers, pipe diffusers and wedge diffusers are added, even 

with variable geometry in certain cases. Such features can allow for increased compressor efficiency 

at the expense of complexity. However, a heavy-duty turbocharger compressor normally consists of 

only the base components that have been described.  
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On the turbine side the hot exhaust gases from the exhaust manifold will enter the volute, flow into 

the rotor in a radial direction and exit through the diffuser part in an axial direction. Fig. 6 shows a 

cut section of the turbine stage similar to the compressor.  

 
Figure 6. Turbine stage cut section. 

By expanding or accelerating flow in the turbine stage, the pressure decreases throughout the stage. 

Additional components are sometimes added, such as nozzle or stator vanes upstream of the rotor. 

Variable geometry can allow step or seamless variation of the position for altering turbine 

characteristics. For heavy-duty turbocharger turbine stages, both fixed and variable geometry have  

entered production. The latter is often used for EGR control purposes, providing a means of varying 

exhaust pressure in order to supply different EGR rates. Most common, however, is fixed geometry 

turbine stages.  

The turbine inlet arrangement is usually quite different from the compressor. Depending on the 

exhaust manifold design, cylinder number and turbocharging concept, the number of inlets and the 

layout differ. An inline six-cylinder engine which dominates the heavy-duty engine segment usually 

includes dual inlet types of turbine volutes. The turbine stage shown in fig. 4 and fig. 6 incorporates 

this kind of inlet without any variable geometry or stators.  

Another turbine-specific component added to the turbocharger turbine stage is the wastegate 

device. It comprises a flow channel integrated into the turbine volute with a controllable flap valve. 

The component is responsible for regulating the compressor to provide the correct boost pressure to 

the engine. It is basically a bypass channel for the exhaust flow, routing flow past the turbine when 
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the valve is open. In this way, the power developed by the turbine and supplied to the compressor 

can be regulated, controlling the boost pressure. 

Essentially, the wastegate serves to compensate for the disparity of flow characteristics with regards 

to the reciprocating engine and turbomachinery. The former is highly dependent on rotational 

speed while the latter is less affected. The wastegate is normally needed for heavy-duty 

turbochargers to allow for the entire engine RPM range to be run. However, there are applications 

that operate differently, for example, along a propeller curve that requires no wastegate.  

2.2 Turbocharging and The Gas Exchange Process 

One way to highlight the influence of turbocharging on engine operation is to construct a Pressure-

Volume, PV diagram of a four-stroke engine, see fig. 7. 

 
Figure 7. Schematic engine PV diagram. Naturally aspirated engine (dotted lines) and supercharged engine 
(grey).  

In the graph, the induction, compression, power and exhaust stroke of the engine can be identified. 

By compressing the intake air, �JKLMN  and by expanding the exhaust gases in the turbocharger, the 

PV diagram will be affected compared to a non-turbocharged naturally aspirated engine.  

As more air is inducted into the cylinder, more fuel can be injected and combusted, resulting in 

further pressure increase. The high pressure is expanded until the exhaust valve opens. Since the 
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developed work depends on the integrated area in the PV diagram, it can be easily seen in fig. 7 that 

a supercharged engine (grey) develops a substantial increase in power compared to a naturally 

aspirated engine (black). 

For a given engine compression ratio as in fig. 7, pre-compressing the air will result in higher peak 

cylinder pressure. The maximum permissible pressure will be constrained by the mechanical 

integrity of the engine components and dictate the upper limit of engine boost pressure. In Otto 

engines, knock also needs to be taken into account, which is highly dependent on the cylinder 

pressure and temperature levels. Sometimes the compression ratio must be reduced in a 

turbocharged engine compared to a naturally aspirated engine in order to not exceed the allowed 

pressure levels.  

High power outputs resulting from turbocharging are beneficial when downsizing engines or 

designing for peak power. Engine efficiency, on the other hand, which is perhaps of the greatest 

significance, does not need to improve by default, especially if the compression ratio is reduced. It 

will depend on the gas exchange process, which translates to the matching and performance of the 

turbomachinery components of the turbocharger, i.e. the turbine and compressor. 

With reference to the engine PV diagram in fig. 7, a contribution to engine efficiency by the 

turbocharger system can be accommodated by raising the intake boost pressure above the exhaust 

back pressure. In such a way, the gas exchange process will result in a positive net gain of pumping 

work. A simple estimation of the pumping work can be written as in eq. 2. �OIP~R�BA − �MPS> eq. 2 

 

A highly efficient compressor and turbine will provide the necessary boost pressure for full load 

engine compliance while creating as low back pressure as possible. Even though in reality the gas 

exchange process is complex, this is how turbocharging can improve engine efficiency.  

By combining the energy and mass flow balance of the turbocharger system in conjunction with an 

efficiency definition of each component, the following relation can be defined as in eq. 3.  

TU�DKV,X�YBA,XZ
[\]^[\ − 1_ = T1 − U�DKV,V�YBA,VZ

[`]^[` _a1 + 1��
c �YBA,V�L,V�YBA,X�L,X �Hd  eq. 3 

 

The equation relates the pressure levels on the intake compressor side and the exhaust turbine side 

as a function of component efficiencies and flow conditions. Total turbocharger efficiency is defined 

as the product of compressor, turbine and turbocharger mechanical efficiency in eq. 4. �Hd = �X�V�? eq. 4 

 

For a set of overall engine parameters the effect of turbine and compressor efficiency levels can be 

assessed in relation to engine intake and exhaust pressure. Excluding pressure losses, they 

correspond to compressor outlet pressure, �DKV,X and turbine inlet pressure, �YBA,V, respectively. The 

pressure difference indicates that the resulting gas exchange work which will affect engine 

efficiency. Fig. 8 shows an example in which the influence of turbocharger efficiency on engine fuel 

consumption has been evaluated. 
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Figure 8. Engine fuel consumption and turbocharger efficiency. Based on [22]. 

It is clear from this figure that a certain overall turbocharger efficiency level is needed in order to 

contribute to engine efficiency. Below a certain threshold, the turbocharger is not able to provide 

positive pumping work and engine performance suffers. Thus, it is by no means a given that 

turbocharging will improve engine efficiency, although this is the case for most engines. It stresses 

the importance of turbomachinery efficiency. 

In fig. 9 a PV diagram has been made to visualize the effect of exhaust energy utilization by the 

turbine stage. For the sake of simplicity, a constant, fixed boost pressure is assumed, �JKLMN, as well 

as a constant exhaust back pressure, �MP. Considering the turbine stage, the interesting part of the 

gas exchange process starts at point 5, exhaust valve opening, EVO.  

Due to the finite stroke of the piston inside the cylinder bore, the pressure inside the cylinder will be 

considerably higher than ambient at the end of the power stroke, point 5. A significant amount of 

energy will be contained in the form of hot pressurized exhaust gases. The turbine actually provides 

a means of expanding these gases outside of the cylinder, thus utilizing the energy contained.  

At EVO, hot exhaust gases start to flow out of the cylinder via the exhaust manifold towards the 

turbine stage. The process of evacuating the high pressure exhaust gases from the cylinder at EVO is 

termed the blowdown process. After blowdown, the piston starts the exhaust stroke from point 6 to 

point 7 and the remainder of the exhaust gases will be expelled from the cylinder. 

An “ideal” turbine would achieve a loss-free expansion process by expanding the exhaust flow to 

ambient pressure during blowdown while extracting work. When the piston reaches bottom dead 

center, BDC, the turbine would then pose very low back pressure for the piston. Considering the 

pumping work, represented by the area enclosed by points 1-6-7-8, it is obvious that low exhaust 

pressure at this stage would be advantageous. However, the turbine stage will always result in a 

restriction and, in combination with a finite efficiency level, raise the exhaust pressure during the 
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exhaust stroke to higher than ambient levels. However, such reasoning highlights the implications 

of turbine efficiency on the gas exchange process and pumping work. 

In fig. 9, increasing turbine efficiency and utilizing increasingly more of the exhaust energy means 

that the required compressor power can be provided at a lower pressure ratio. Hence, the turbine 

can impose less of a restriction, which lowers exhaust pressure during the exhaust stroke. Increasing 

turbine efficiency in the direction of the arrow shows the effect on the gas exchange process. The 

pumping work will improve as the turbine can utilize increasingly more of the exhaust energy.  

 
Figure 9. Schematic engine PV diagram. 

The reasoning in conjunction with fig. 9 has been highly simplified with regards to the exhaust 

pressure levels. On the actual engine, the exhaust pressure will not be constant but will vary in an 

unsteady, cyclic manner. Due to the opening and closing process of the exhaust valve, the exhaust 

flow will inevitably be intermittent in nature. The pressure in the exhaust manifold will build up and 

slowly decay as the exhaust gases are emptied through the turbine stage. An “emptying and filling” 

process takes place that is highly dynamic. The process will be repeated as the engine runs and each 

cylinder starts its exhaust phase, creating a periodic exhaust pulse. 

The exact shape of the pulse will vary as a function of exhaust manifold design, engine speed and 

load, cylinder number, valve timing, valve design, exhaust port design, turbine design, etc. It may or 

may not reach an ambient level between the pulse peaks. 
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In essence, the exhaust process in relation to engine performance and turbine operation can be 

summarized as follows:  

• Extract as much work as possible from the high pressure exhaust gases at EVO, blow down. 

  

• Pose low exhaust back pressure during the exhaust stroke without any pressure interference 
from other cylinders. 

 

A highly efficient turbine will capture a large proportion of exhaust energy when designed with this 

complex exhaust process in mind. High turbine efficiency will effectively utilize the exhaust energy 

and allow for a low exhaust back pressure, a combination which make a positive contribution to the 

pumping work, as well as provide engine efficiency benefits.  

 

2.3 Turbocharger Matching 

Both the compressor and turbine stage need to be dimensioned or “sized” for a particular engine 

specification. This process is usually termed the “matching” procedure of the turbocharger. It starts 

with an assessment of the engine specification and target performance. In some instances it can 

involve the development of an entirely new engine while in other instances an existing engine is 

modified. Regardless, the turbocharger is designed in the same manner even though constraints can 

differ. 

The starting point will typically be the target power or torque curve of the engine along with overall 

engine parameters such as AFR, displacement volume, fuel heating value, etc. shown in eq. 1 (engine 

power). From these specifications the required air mass flow can be determined as in eq. 5 and eq. 

6.  

�e C = ��GHI�( eq. 5 

 �e @ = ��
�e C eq. 6 

 

At this early stage in the turbocharger development process, the engine is merely viewed as a steady- 

state “gas generator,” even though in reality it operates in an unsteady, cyclic manner. This 

assumption is used to attain a reasonable initial sizing of the compressor and turbine stage without 

going into the details of the flow dynamics. With a sound starting point, refinement is carried out 

using the detailed operating conditions with greater care.   

With the air flow determined, the intake manifold pressure can be calculated, which will dictate the 

pressure ratio needed by the compressor. To proceed, additional assumptions of component 

performance of the charge air cooler and the compressor stage are required. They are usually set 

based on experience or similar designs. The required intake manifold density is governed by the 

engine power equation, eq. 1, and will depend on both the compressor outlet temperature and 

pressure. In order to determine the temperature and pressure the following assumptions are used. 

Negligible pressure loss, heat loss and difference between total and static state after the compressor. 

Using these assumptions, eq. 7 and eq. 8 can be derived. �DKV,X = �?@ABCDEF
@�Y,?@ABCDEF eq. 7 
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�Y,?@ABCDEF = �YBA,X f1 + 1�X TU�DKV,X�YBA,XZ
[g]^[g − 1_hR1 − �S+��XDDE eq. 8 

 

Combining eq. 7 and eq. 8, the compressor outlet pressure can be determined iteratively. It also 

provides the opportunity to correlate the sensitivity of the efficiency level, �X, and cooling 

effectiveness , �, to the required pressure build up. In addition to the aforementioned assumptions, 

the compressor air is regarded as an ideal gas with constant properties, � and 
.  

The air mass flow and intake pressure required for the target power curve now translate into the 

flow capacity and pressure ratio to be provided by the compressor. Through assessment of each 

engine RPM point, the compressor operating line can be determined for the entire engine RPM 

range.  

The associated efficiency of the compression process at a certain pressure level is characterized by 

the isentropic efficiency. In essence, the efficiency is a measure of the actual work of compression 

compared to the ideal work needed. The isentropic process represents the ideal situation with no 

losses, hence constant entropy assuming an adiabatic component. To define a given compressor 

stage, rotational speed is also required in addition to flow capacity, pressure ratio and efficiency. It 

is of significance to a turbomachine, especially the centrifugal type. The input work that will dictate 

the pressure build-up is highly dependent on the blade speed that translates into rotational speed 

for a given geometry. Its maximum value will largely be governed by the centrifugal stresses in the 

compressor rotor.  

The total set of compressor stage parameters used in the turbocharging application are defined in 

eq. 9 to eq. 14. The compressor air is assumed to be an ideal gas as in the derivation of eq. 7 and eq. 

8. 

These performance parameters are normally expressed in normalized quantities as the industry 

standard. They are originally based on the dimensionless group reduction method, the Buckingham 

PI Theorem, but are not strictly consistent with dimensional analysis. Nevertheless, they are used 

for defining compressor performance. Even the influence of gas properties are normally excluded. 

�� = �e Xi�YBA,X298��YBA,X100	m�3  

 

eq. 9 

�Hn,X = �YBA,X oa
�DKV,X�YBA,Xc

[\]^[\ − 1p
Δ�Y,X  

 

eq. 10 

�HH,X = �YBA,X oa
�YDKV,X�YBA,X c

[\]^[\ − 1p
Δ�Y,X  

 

eq. 11 

�% = �i�YBA,X298� 

 

eq. 12 
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�
Hn,X = �DKV,X�YBA,X  

 

eq. 13 

�
HH,X = �YDKV,X�YBA,X  eq. 14 

 

In eq. 10 and eq. 11 both total-to-total and total-to-static definitions of the pressure ratio and 

efficiency are included. Normally, they do not differ to any major extent as the outlet flow velocity of 

the compressor is low, hence there is minimal difference between total and static flow state. 

However, they are both used for defining turbocharger compressors. 

The flow capacity, pressure ratio, efficiency and rotational speed are normally plotted together on a 

graph, the compressor “map”. It is a convenient way of visualizing the compressor performance all 

together. In this map, the compressor operating line can be overlaid for a given engine target 

specification. This will provide a means of identifying or designing a suitable compressor that fulfills 

the requirements.  

Fig. 10 shows an example compressor map. Constant efficiency levels are represented by isolines 

and constant rotational speeds by speedlines. Both have been plotted in relation to pressure ratio 

and flow capacity. Note the influence of rotational speed on pressure build up. For a given mass flow 

rate, the centrifugal compressor needs to rotate faster in order to increase the pressure ratio.  

 
Figure 10. Example turbocharger compressor map. The dotted line represents surge stability points. Based 
on [22]. 

The centrifugal compressor operation is limited due to aerodynamic phenomena, in this context 

referring to surge and choke. Two boundaries set the operational range of the compressor and 

therefore the map limits. The maximum flow rate will be set by the choke phenomenon similar to 

nozzle flow, depending on the minimum flow area. At the other end of the spectrum, surge will 

occur because of complete stall in the compressor and will govern the minimum flow rate. In the 

compressor map, the choke region is identified on the right-hand side with near vertical constant 

speed lines. Surge corresponds to near horizontal constant speed lines and indicates an unstable 
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region of operation. Entering the surge region can inflict major damage on the compressor due to 

excessive flow instabilities and vibration. 

The wastegate bypass is responsible for regulating the compressor along the map operating line 

corresponding to the engine load points at different RPMs. It will normally be opened at high engine 

RPMs to limit boost pressure.  

The turbocharger relies on the exhaust energy extracted by the turbine stage to power the 

compressor stage along the operating line. In the next step of the matching procedure, the turbine 

stage requirements need to be identified. In addition, engine pressure levels at intake and exhaust 

must be monitored with regards to pumping work. 

In order to proceed, an engine operating point is identified in the low engine RPM range with the 

wastegate closed. At this “match point”, the turbine power requirement and rotational speed is set 

by the compressor, and flow quantities can be determined. Based on assumptions of turbine 

efficiency, exhaust temperature, etc., the resulting turbine pressure ratio and flow capacity can be 

determined from eq. 15 and eq. 16. 

�V = �e V�L,V�V�YBA,V T1 − U�DKV,V�YBA,VZ
[`]^[` _ eq. 15 

 

�� = �e Vr�YBA,V�YBA,V  eq. 16 

 

With rotational speed, power, exhaust temperature and mass flow, turbine stages can be identified 

that fulfil this set of conditions. The resulting efficiency level will govern the exhaust pressure and 

therefore the pumping work. When the turbine stage is set, the entire full load curve can be run and 

the engine performance checked with regards to the target specifications. Transient operation, part 

load, ambient changes etc. can also be run to assess off-design performance. If this results in 

inadequate engine performance, a different turbomachinery design can be chosen, modified or 

completely re-worked from scratch, sometimes in combination with the selection of a different 

matching point. If the point is too high up in the RPM range, low end power and torque cannot be 

achieved. Normally, the matching process proceeds iteratively until engine target performance is 

achieved. 

Similarly to the compressor stage, turbine performance is described using dimensional groups, in 

this case, reduced quantities. Flow capacity, rotational speed, efficiency and pressure ratio define 

a particular turbine stage. The jointly plotted parameters can be compiled into the turbine “map”, 

see fig. 11. It looks slightly different compared to the compressor map but contains the same 

information. However, the turbine will not encounter unstable operating regions. The only 

limitation will be in the high flow region with the choke phenomenon dictating the maximum flow 

rate. Similar to nozzle flow, the minimum flow area governs the maximum value. Due to the 

expansion process with accelerating flow as opposed to diffusing flow, the turbine will always 

operate in a stable manner. There will be no low flow region with instability, as is the case with 

compressor surge. Sometimes, the turbine map is not combined as in fig. 11 but separates efficiency 

and flow capacity. This makes no difference with regards to turbine stage performance but is merely 

the consequence of experience and tradition. 
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Figure 11. Example turbocharger turbine map. Based on [22]. 

In fig. 11, a dependency on rotational speed can be observed, as in the case of the compressor. For 

the turbine stage, the flow capacity will reduce with increasing rotational speed. This is a 

consequence of the pressure increasing at the rotor inlet due to the centrifugal pressure field.   

In addition to flow capacity, eq. 16, the remaining relevant turbocharger turbine stage parameters 

are defined in eq. 17 to eq. 21. In the derivation of these definitions, the gas is assumed to be an ideal 

gas with constant properties. 


% = �r�YBA,V 
 

eq. 17 

�Hn,V < Δ�Y,V
�YBA,V o1 ; a�DKV,V�YBA,Vc

[`]^[` p
 

 

eq. 18 

�HH,V < Δ�Y,V
�YBA,V o1 ; a�YDKV,V�YBA,V c

[`]^[` p
 

 

eq. 19 

�
Hn,V < �YBA,V�DKV,V 
 

eq. 20 
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�
HH,V < �YBA,V�YDKV,V eq. 21 

 

Also in this case, both total-to-total and total-to-static definitions have been included. For the 

turbocharger turbine stage, however, the most relevant condition is total-to-static. Such reasoning is 

based on the fact that outlet kinetic energy cannot be utilized downstream of the turbine stage. 

However, for performance comparisons of different turbine stages, both efficiencies can be used. 

The difference between total-to-total and total-to-static is relevant for a performance breakdown of 

the turbine stage components. 

The outlined matching process covers the basics of a typical turbocharger design. However, the 

exact process can differ depending on application, industry and experience. It was initially carried 

out manually, but with the advent of numerical methods, the entire turbocharger can be matched to 

a specific engine in a fully virtual environment. Powerful design and analysis tools and 

comprehensive engine simulation software are available for designing turbocharger 

turbomachinery. This allows for a high degree of refinement, iterating designs fast, DoE and 

optimization. These days, a specific turbocharger design is extensively evaluated in simulations 

before engine testing commences. 

2.4 Turbocharger Performance Assessment 

The assessment of turbocharger performance parameters for both compressor and turbine can be 

conducted using a variety of methods. Normally, both physical rig tests and numerical simulations 

are employed for evaluating the parameters of a certain geometry. 

Dedicated turbocharger rigs, often denoted gas stands, provide a practical testing approach. Both 

compressor and turbine stage measurements can be carried out “in situ” without any disassembly. 

The entire turbocharger is removed from the engine and each inlet and outlet connected to rig 

interfaces. On the compressor side, air is drawn from the test cell, ambient or preconditioned and 

pressurized, depending on the test. The turbine is separately connected to a gas burner that supplies 

hot exhaust gases at high pressure. Air for combustion is supplied by a separate compressed air 

circuit. By controlling the flow condition into the turbine stage and compressor stage, a variety of 

load points can be run. They are chosen to cover a wide range of conditions and span the complete 

map. Through measurements at inlet, outlet and, in some instances, intermediate positions inside 

the turbine or compressor, the performance can be assessed. Fig. 12 shows a basic gas stand set-up.  

 
Figure 12. Schematic overview of a basic gas stand. 
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As an alternative, numerical tools can be used to conduct a performance assessment. Both 

traditional 1D software based on empirical correlations and powerful CFD software are currently 

available. With the increase in computational power, increasingly more simulations are being 

carried out using the latter. In comparison to rig testing, time and money can be saved by such 

simulations. However, simulations are usually run in conjunction with physical testing in order to 

validate the results.   

2.5 Turbocharging Strategies 

The majority of turbocharged engines can be divided into two turbocharging strategies: pulse- 

turbocharging and constant pressure turbocharging. In general, they differ with regards to the 

shape of the exhaust pressure pulse into the turbine stage of the turbocharger. The pulse is the sole 

carrier of the energy to be recovered by the turbine. Most of it is represented in the form of pressure 

although temperature levels and gas composition also have an effect. However, the pressure level 

can be viewed as an indicator of the energy content carried by the exhaust pulse. 

The exact shape of the exhaust pressure pulse is affected by a number of factors such as engine load, 

engine RPM, valve timing, turbocharger design and exhaust manifold design. A very dominant 

factor in this regard is the volume of the exhaust manifold. A large volume will impose a dampening 

effect, reducing pulse variability and amplitude. Conversely, a small volume will incur rapid pulse 

build up with both high amplitude and fluctuating behavior. 

 
Figure 13. Constant pressure (upper) and pulse (lower) turbocharging strategies. Based on [22]. 

Constant pressure turbocharging aims to achieve a smooth almost constant pressure pulse into the 

turbine by a large, bulky exhaust manifold. Pulse-turbocharging, on the other hand, relies on 

maintaining the exhaust pulse with a low dampening effect using a small compact exhaust manifold. 

In fig. 13 a schematic overview is provided with regards to the turbocharging strategies that have 

been explained. 

In relation to the energy levels discussed, the available energy to the turbine will be very different 

for constant pressure turbocharging and pulse-turbocharging. In the first case the energy level will 
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decrease due to the dampening effect while in the latter case the energy level will be high. Setting 

aside possible constraints on exhaust manifold packaging that could affect manifold volume, pulse- 

turbocharging might be seen as the optimal solution. However, the choice may not be so obvious 

when turbine efficiency levels are taken into account. Ultimately, turbine efficiency will govern the 

net amount of energy recovered regardless of the available energy.  

In general, turbomachinery works best at constant flow conditions. However, the turbine flow will 

be variable to some extent due to the intermittent operation of the internal combustion engine, the 

level of severity largely depending on the charging strategy. Turbine efficiency can suffer 

substantially from highly variable exhaust flow as a consequence of pulse-turbocharging. The 

resulting net energy recovered by the turbine stage may only reach low levels, which will 

compromise engine efficiency. If a constant or almost constant flow (close-to-steady state) can be 

provided, as in the case of constant pressure turbocharging, turbine efficiency can be maintained at 

a high level. However, with limited energy available in the exhaust gases, the turbine may also cause 

low exhaust energy utilization. 

Ultimately, both the constant pressure and pulse-turbocharging strategy can result in highly 

efficient engine designs. It will be a tradeoff of the available energy level and the conversion 

efficiency that dictates the optimum for a given engine design. The turbine design will be highly 

dependent on the charging strategy because of the resulting influence on exhaust flow conditions. 

While discussing the intermittence of flows in an internal combustion engine, it might also be worth 

mentioning the intake flow into the compressor. As the engine incorporates both intake and exhaust 

valves that provide the cyclic flows in and out of the cylinder, there will be flow variability on both 

the intake and exhaust side. However, in most instances, the flow will experience only minor 

fluctuations on the intake side compared to the exhaust side. As intake pressure levels are lower, the 

opening and closing of intake valves will incur much less variability compared to the exhaust side. 

 

2.6 State-of-The-Art Turbocharging 

Since the first heavy-duty and light-duty engines were turbocharged decades ago, increasingly more 

elaborate turbocharging arrangements have been developed. Customer demands for higher power, 

faster transient response, lower fuel consumption and government legislation on emissions and 

initiatives for efficient transportation have all contributed to new ideas and innovations. In some 

cases, rather complex solutions comprising multiple turbocharger arrangements have been 

developed. 

At the same time, tools for numerical simulation, optimization and turbomachinery have evolved 

and become accessible to virtually every engineer. In combination with new materials and 

manufacturing processes, it is possible to construct complex turbocharger components and push the 

boundaries of turbomachinery design. 

In current heavy-duty engines both variable geometry and fixed geometry with single stage 

compressor and turbine are common. Multiple turbocharger arrangements exist but are usually 

confined to high engine outputs or special valve-timing concepts such as Miller timing. By altering 

the inlet valve closing, the charge temperature can be lowered, resulting in a reduction in emissions 

and increasing efficiency. Due to emission legislation, heavy-duty engines often include either high 

pressure or low pressure EGR systems and an emission treatment device. Further downstream of 

the turbocharger, SCR systems with particle filters or 3-way catalysts are used, depending on Otto or 

Diesel engine application. Compared to the first turbocharged engines, the entire engine system has 

become much more complex. 
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Despite the high demands and complexity of modern engines, innovative turbocharger designs have 

been successfully implemented. What they have in common is the realization of the importance of 

the gas exchange process with regards to engine performance. Two notable turbocharger designs 

can be highlighted that have been recently presented: the asymmetrical twin scroll turbocharger 

[42] and the two-stage high-pressure ratio turbocharger [43].  

In the former, the design of the turbine stage has been carried out in such a way as to allow for both 

high gas exchange performance and EGR. Traditionally, these have been difficult to combine as 

EGR increases exhaust back pressure levels. Sizing the turbine stage differently for each cylinder 

group of a six-cylinder engine can allow for an advantageous combination. EGR can be extracted 

from one group while the other group operates with low back pressure. A valve is included for 

altering the EGR rate as a function of the engine operating point. 

The latter turbocharger concept is slightly more complex. It includes both a high-pressure and low- 

pressure turbocharger connected in series. This arrangement allows for very high boost pressure, 

which is needed for the AFR requirements as a result of adopting Miller timing in this engine. The 

high-pressure turbocharger turbine stage comprises a mixed-flow turbine and the low-pressure 

turbocharger turbine stage an axial turbine. It is very rare to encounter these two turbine types 

being used in a heavy-duty turbocharger. Both turbine stages drive two radial compressors. As an 

alternative, the low-pressure compressor can be excluded and the axial turbine used as a compound 

turbine [44], in this case using mechanical transmission for supplying power to the crankshaft. Both 

the two-stage variant and the compound variant made it possible to achieve high engine efficiency. 

Even more complex turbocharger arrangements exist in other applications. For light-duty vehicles 

the focus is on high efficiency, low emissions and drivability, a consequence of the very strict 

emission legislation, fuel consumption requirements and RDE soon to be introduced. Variable 

geometry has also gained a lot of attention for Otto engines [45] and in combination with multiple 

turbochargers [46]. Increased focus on hybridization has led to increasing on-board voltage levels 

that allow for electrical boosting. Many of the major car manufacturers and suppliers have shown 

significant performance gains using electric compressors [47], [48] and [49]. As this component will 

be independent of a turbine stage, electric power can be supplied from the vehicle battery at any 

time. Thus, torque and power build up can be very rapid. In the future this concept may be 

combined with a traditional turbocharger comprising a centrally-mounted electric motor. Electric 

power can be both supplied and extracted, also allowing for electric turbo compounding. 
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3 Turbine Design 

To start with a turbocharger turbine design, an understanding of general turbomachinery is 

required as a sound basis for all design work. Regardless of the current high level of sophistication 

with regards to design and simulation tools, the governing physical principles must never be 

overlooked.  

A common factor of all turbomachines is the interaction of a continuously flowing fluid with a 

moving set of blades. The flow will be directed through both stationary and rotating parts of the 

turbomachine while being subjected to changes in velocity, direction, temperature, pressure, etc. In 

general, two main categories of turbomachines can be defined: turbines and compressors. This 

distinction is based on the process being either an expansion process (decreasing pressure) or 

compression process (increasing pressure). The respective action will require power input in the 

compressor application and will extract power in the turbine application. 

In its basic functioning the turbomachine relies on the very fundamental principle of force balance 

governed by Newton’s laws of motion. Acceleration is accompanied by a force interaction and for 

every force there will be an opposing force of equal magnitude. In the most general sense, the net 

force applied will result in a change of momentum as dictated by eq. 22. 

sttu = �v�wttux��  eq. 22 

 

According to Reynolds Transport Theorem for general control volume, the force can be shown to 

depend on the mass flow and velocity in eq. 23 [50].   

y�X = �e R�BA − �DKVS eq. 23 

 

The flow is assumed to enter the control volume in a steady manner (no dependency on time) with 

one inlet and one outlet, see fig. 14. The inlet state is denoted 1 and the outlet state 2. 

 
Figure 14. Control volume for a general turbine stage. 

For a turbomachine, the quantity of interest will be the resulting shaft torque and its dependence on 

the flow state. Considering a control volume that incorporates the turbomachine, the fundamental 

principle states: All forces acting on a mass in this control volume will imply a torque that is 

proportional to the rate of change of angular momentum about the rotational axis. Generally, the 

governing equation can be written as eq. 24 for a steady flow process. 
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zttu = �e v{tu|} × wttu|} − {tu��� × wttu���x eq. 24 

 

The moment of momentum principle dictates the relation eq. 25 in the tangential direction applied 

to the control volume. �� = �e R�BA��BA − �DKV��DKVS eq. 25 

 

Torque and shaft rotational speed can easily be shown to combine with shaft power, eq. 26. � = �� ∙ " eq. 26 

 

For the turbomachine, the specific work will be governed by eq. 27.  

� = ��e = " ∙ R�BA��BA − �DKV��DKVS = R�BA��BA − �DKV��DKVS eq. 27 

 

In eq. 27, rotational speed and radius have been combined to yield the blade speed as � = "�. The 

equation is denoted the Euler Turbomachinery Equation and governs all types of turbomachines. 

As shown, the specific work is dependent on the change in blade speed and tangential velocity 

component of the flow between rotor inlet and outlet. 

The Euler Turbomachinery Equation is based on a fluid mechanical force balance. However, the net 

work can also be described in thermodynamic terms using an energy analysis and a control volume 

approach. For an adiabatic control volume with one inlet and one outlet operating in a steady 

manner, the specific work can be written as eq. 28. � = ΔℎY = ℎY,BA − ℎY,DKV eq. 28 

 

Due to the high velocity levels in a turbomachine, energy analysis will require inclusion of kinetic 

energy. This is often accommodated by referring to total states instead of static states and denoted 

with subscript 0. 

Combining the expressions for the turbine work, the velocity components can be linked to the 

enthalpy change into and out of the turbine stage. Assuming perfect gas properties of the flow, the 

enthalpy can, in turn, be translated into a temperature which is easily measurable, see eq. 29.  � = �LΔ�Y = �Lv�Y,BA − �Y,DKVx eq. 29 

 

In essence, the initial force balance and energy analysis make it possible to relate flow quantities in 

the turbine stage to velocity components, a very powerful link that is used in the design and analysis 

phase of the turbine stage. 

The turbine stage is divided into sub-components in order to analyze the flow state throughout the 

stage, see fig. 15. The exact location of the interface between each component can vary depending on 

the complexity of the turbine stage. It is common to denote volute, stator, vaneless space, rotor and 

diffuser when defining a radial turbine stage. However, there are many different kinds of radial 

turbine stage layouts. The stage can be fitted with a variety of inlet configurations to the turbine 

volute, variable geometry stators, diffuser configurations, etc. However, the basic functioning of the 

turbine stage does not change. In this chapter, only the basic components are described. 



47 

 

 
Figure 15. Radial turbine stage nomenclature and components. 

From eq. 27 it is understood that flow velocity and blade speed are of key importance in a 

turbomachine. Therefore, the flow velocity vector at different locations in the turbomachine needs 

to be defined. Each vector will be visualized and divided into its respective velocity components. 

Due to the symmetry of turbomachines, a cylindrical coordinate system is often used with radial, 

axial and tangential directions. 

For defining the velocity vectors that allow for an analysis of the flow through the turbomachine, 

care must be taken in the relative and absolute frame of reference. In the stationary parts of a 

turbomachine, the flow is described in absolute terms as if the observer was fixed to the 

surroundings. On the other hand, in the rotor there is flow inside the blade passage that is rotating 

in itself. To capture the interesting features of the flow in this component, the rotor of the 

turbomachine must be described in relative terms. In this case, the observer is fixed to the rotating 

system, the rotor. The relationship between an absolute and relative frame of reference can be 

expressed in vector format as eq. 30. The absolute vector, wttu, can be described by vector addition of 

the relative vector, �ttttu, and the blade speed vector �ttu. wttu = �ttttu + �ttu eq. 30 

 

Each velocity vector in eq. 30 will be further divided into its respective components in the 

cylindrical coordinate system. Fig. 16 shows a vector addition and velocity components for a general 

case. In a turbomachinery context the vector division is often termed velocity triangles. Note the 

blade speed and absolute tangential component relevant to eq. 27. 
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Figure 16. Velocity vectors with components and angles for velocity triangle analysis, based on [51]. 

Corresponding flow and blade angles are defined in this coordinate system for each vector and 

measured in relation to the meridional direction. The direction is defined as the sum of radial and 

axial vector components as eq. 31. It allows for velocity triangles to be constructed in the same 

manner regardless of the main flow direction, for example radial or axial turbomachine. The 

meridional plane and velocity component are highlighted in fig. 16. 	wtttu� = 	wtttu{ + wttu� eq. 31 

 

convention used for determining positive and negative values for velocities and angles will be based 

on the direction of blade speed. All velocity components and angles will be referred to as positive in 

the blade speed direction and negative in the opposite direction.  

In fig. 17 through fig. 20, the flow velocity in each turbine stage component has been visualized. The 

velocity triangles have been constructed for a general radial turbine stage at the interfaces. This type 

of vector visualization is based on a simplified 1D representation of the flow, the meanline 

consideration. For turbine stage inlet, volute exit, stator inlet/outlet and rotor inlet/outlet, the 

velocity vectors are divided into their respective components and angles.    

From the turbine stage inlet, the flow will be guided by the volute and distributed around the full 

circumference. The stator blades will be matched with the flow(2) and will deliver it towards the 

rotor inlet(4). A short distance downstream(3), the vaneless space provides clearance for the 

rotating and stationary parts, as well as a short distance for the flow to mix out. In the rotor, the 

flow will be turned in both the radial and tangential direction while extracting work(5). Finally, the 

flow will exit the turbine stage through the diffuser part(6).  

With reference to the velocity components it can be observed that the volute imposes a highly 

swirling flow into the stator. The acceleration continues in the stator reaching even higher levels of 

swirl into the rotor. At the rotor outlet, the swirl is reduced by deflecting the flow in the blade 

passage. The deflection will affect the flow inside the rotor blade passages. The pressure distribution 

on each side of the blade will be altered. A low-pressure side (suction) and a high-pressure side 

(pressure) will result. The pressure imbalance will be proportional to the reaction force because of 

the acceleration process that provides torque to the turbine shaft. The net amount of work can be 

determined by the combination of change in tangential and blade speed between the inlet and outlet 

of the rotor as dictated by eq. 27.  



49 

 

 
Figure 17. Turbine stage volute velocity distribution and interface numbering. 

Figure 18. Turbine stage stator inlet and outlet velocity triangles. 
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Figure 19. Turbine stage rotor inlet velocity triangle. 

 
Figure 20. Turbine stage rotor outlet velocity triangle. 

What is evident from the turbine stage velocity triangles in fig. 17 through fig. 20 is a general 

acceleration or expansion process through the turbine stage. In the stationary parts, the absolute 

velocity will increase and in the rotor, the relative velocity will increase. 

The acceleration will be accommodated by a decreasing area in the direction normal to the flow. It 

will increase velocity and decrease static pressure. The process is similar to expanding nozzle flow 

for describing the flow in the volute, stator and rotor. The minimum flow area of each component 

will be denoted throat area, which will govern the maximum flow capacity. By combining different 
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component designs, the turbine stage flow capacity can be adjusted as described in Ch. 

Turbocharging. 

For all types of turbomachines the alignment of the flow in relation to the blade will be of key 

importance with regards to performance. Excessive misalignment will cause aerodynamic 

phenomenon such as separation and complete stall associated with loss of efficiency, instability, 

etc. For the radial turbine stage described in this chapter, the incidence angle, which is a measure of 

the relative flow vector at rotor inlet in relation to the blade angle, has been defined in fig. 19. At 

peak efficiency of the turbine stage, it will attain a certain value that has been observed to be non-

zero. This may be counter-intuitive but relates to a recirculation effect developed inside the blade 

passage. 

In essence, the effect can be described by a force acting across the blade passage resulting from a 

combination of flow turning close to the blade tips and the Coriolis effect. At the inlet of the rotor 

there will be minimal flow turning in the tangential direction. As the flow moves further into the 

blade passage, the radius will decrease, reducing blade speed at a faster rate than the increase in 

tangential velocity. The result is that the relative velocity vector, �ttttu, will point in the positive 

direction. The Coriolis force 2�ttttu × �tttu, will not match the force acting across the passage as the flow 

moves inwards. The result is flow being pushed towards one side of the blade passage, the pressure 

side. As a consequence, the flow might separate from the blade, which will incur losses.  

A simplified way of deriving the described passage effect can be conducted by considering the 

relative flow angle as a function of radius. With the aid of the inlet velocity triangle, as in fig. 19, eq. 

34 can be formulated with the following assumptions. Upstream the rotor blade tips the flow will be 

governed mainly by the conservation of angular momentum described in eq. 32. For a constant 

span and density, the meridional velocity will be proportional to the inverse of radius as in eq. 33.  ��� = � eq. 32 

 

�?~1� eq. 33 

 

tan �R�S = tan�� − Rtan�� − tan��S a���c� eq. 34 

 

As the flow moves radially inwards, the absolute tangential velocity will increase and blade speed 

will decrease. The effect on relative velocity vector is a significant dependence on radius in the blade 

passage. Based on the assumption of a given absolute flow angle, ��, and radius, ��, the relative flow 

angle will vary as the radius is reduced in the passage, see fig. 21.  
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Figure 21. Radial turbine stage rotor passage flow, based on [52]. 

The basis for deriving eq. 34 and fig. 21 can be found in [52].   

The recirculation effect can be imagined at the rotor inlet acting in the opposite direction of the 

rotation. Depending on the incidence angle, the effect of the recirculation on the blade passage flow 

will vary, at some point compensating and imposing an ordered blade passage flow with minimum 

losses. In fig. 22, results from an experiment altering the flow angle (incidence) in a radial turbine 

show the effect [53]. At a certain non-zero incidence angle, the streamlines have been observed to be 

ordered without any sign of separation. This will correspond to a flow field structure resulting in 

maximum efficiency. 

 
Figure 22. Radial turbine passage streamlines with a varying incidence angle, from [53]. 

A thorough explanation of this phenomenon can be found in [54] and [55]. Empirically, the 

optimum incidence angle with regards to efficiency for a radial turbine stage has been observed 

within the range of -20 to -40 degrees [54].  
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3.1 Turbine Stage 1D Design 

The turbine performance parameters in relation to the turbocharging matching process were 

covered in Ch. Turbocharging. While these serve to quantify overall performance and sizing, they 

need to be complemented by turbine parameters in the design phase. In particular, specific 

dimensionless parameters are required in order to avoid the influence of absolute turbine size so as 

to provide a generic design process for all kinds of turbines.  

To start the turbine design process, a set of turbine specifications is required. Normally, the specific 

duty of the turbine dictates a few operational conditions. Rotational speed, power requirements, 

pressure ratio, mass flow and inlet temperature are common examples of inputs to the design. The 

actual set of conditions used will be termed “design conditions” of the turbine stage. In the case of a 

turbocharger turbine stage, the initial matching process described in Ch. Turbocharging will yield 

conditions at the matching point.   

Although the flow through a turbomachine is highly 3D, particularly for radial machines, a 1D 

approach is normally the starting point for any design. This approach relies on the flow state at each 

location in the turbomachine being represented by a single bulk flow value. This may appear to be 

an over-simplification of the flow field but is a very powerful way of quickly defining the main 

geometry. Although the power of numerical CFD tools has been evolving rapidly in recent decades, 

such tools are normally unsuitable for initial design work. Correct modelling may require very high 

fidelity numerical models like LES, DES etc. in order to capture the relevant flow phenomena. These 

models may be difficult to handle due to complexity, require substantial computational power and 

result in lengthy simulation times. Instead the 1D design approach is normally used, sometimes 

termed meanline approach in the literature. Substantial efforts over the years have resulted in a 

refined 1D representation based on a vast number of experiments. In this manner, 3D effects will be 

included although indirectly compared to CFD. 

To proceed with the 1D design, the turbine stage is divided into a number of discrete locations as in 

fig. 15. At the inlet and outlet of each component, the flow state can be calculated and velocity 

triangles constructed. The turbine stage geometry can then be sized at design conditions to allow for 

a certain distribution of flow quantities. In this way, geometric dimensions and blade angles can be 

determined, which define the turbine stage at each component interface. It is up to the turbine 

designer to specify the sizing parameters and target distribution. The input is normally based on 

empirical data, previous designs, experiments and/or experience.   

The ultimate goal of any turbine design process is to define the turbine stage geometry without 

violating any restrictions, while fulfilling target specifications. In most cases, turbine efficiency is to 

be maximized for a given duty. The 1D design approach will dictate the overall geometric 

dimensions of the turbine stage for a given set of design conditions. The resulting geometry can then 

be used for further refinement to construct the full 3D geometry defining the turbine stage. The 1D 

design will always be dependent on designer input in one way or another. Regardless of the exact 

approach, there will be the matter of designer preference and choice in order for the process to 

work. 

Without going into details of the structure and execution of 1D calculations, a set of turbine stage 

parameters will be needed as input. Depending on designer preference, tradition, industry, design 

method and turbine type, different sets of turbine design parameters are used. In this context, four 

main parameters will be introduced. 

Stage Loading is a measure of normalized turbine loading, eq. 35. 

! = ΔℎY��  eq. 35 
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Blade Speed Ratio is similar to Stage Loading and is sometimes used interchangeably. It is defined 

as eq. 36. 

#%
 = ��J = ��Hn2!  eq. 36 

 

Flow Coefficient represents normalized turbine flow, eq. 37. 

 = �?�  eq. 37 

 

Degree of Reaction which sets the level of acceleration throughout the turbine stage and therefore 

the static pressure distribution, eq. 38.  

�� = ΔℎNDVDNΔℎY,JV@�M ∝ ∆�NDVDN∆�JV@�M eq. 38 

 

The turbine parameters are not chosen arbitrarily but are based on either designer experience or 

empirical data. Turbines have been found to operate at an optimum efficiency level for a rather 

narrow range of turbine parameters. The physical basis of this relationship is a trade-off with 

regards to different aerodynamic losses. For example, at a certain value of Stage Loading and Flow 

Coefficient a minimum total loss is achieved with a corresponding peak efficiency. In experiments, 

radial turbines have been observed to achieve peak efficiency close to ! = 0.95 or � = 0.7 and  =0.25, see fig. 26. The corresponding �� will be close to 0.5, which is often the case for radial turbines. 

These values may provide guidance but are by no means the universal optimum in all cases. The 

size, application etc. of the experimental hardware used in the empirical assessment need to be 

taken into account. However, the empirical values provide a sound starting point for the initial 

design work.  

Additional parameters and relationships between certain geometric quantities are required at the 

start of the 1D design. The exact set of parameters will be dependent on the structure of the 1D 

calculation approach. They are chosen in a similar manner as outlined above based on experience or 

empirical basis.  

The advantage of the 1D design process is the speed of execution, which makes it ideal for iterating a 

number of designs very quickly. A base design can be used for optimization and analyzed with 

regards to geometric changes. To assess the performance of a certain design, the 1D approach 

requires loss modeling as no or limited flow physics are being resolved. For example, the isentropic 

efficiency level will be dependent on the flow losses through the turbine stage. The physics behind 

the losses are related to typical aerodynamic phenomena such as fluid friction, secondary flow, 

separations etc. which will decrease the efficiency due to entropy generation. Even though all loss 

mechanisms are related, they are often divided into a number of main categories. It is common to 

use the following division; incidence loss, rotor passage loss, tip clearance loss, windage loss and 

trailing edge loss [54].  

 

Incidence loss is related to the effect described in fig. 21 and fig. 22. It represents the additional 

work of turning the flow at the rotor inlet when operating away from the optimum point. The rotor 

passage loss typically takes into account effects of friction and the influence of secondary flow in the 

blade passage. Tip clearance loss is related to flows in radial and axial clearance gaps in the rotor. 

The gaps will allow for flow not being turned by the rotor blades and therefore not contributing to 
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the work output. Windage loss occurs due to leakage from the main flow path and friction on the 

back of the rotor disk. It is not related to the aerodynamics of the turbine stage compared to the 

other losses. Trailing edge loss represents the expansion loss between the rotor throat section to the 

end of the rotor blade. All rotor losses upstream the throat is normally included in the rotor passage 

loss. 

 

To provide the capability of taking losses into account, empirical and semi-empirical loss models 

have been developed for 1D analysis. In eq. 39 an example of a rotor passage loss model is defined 

[56]. It considers the viscous loss in the passage and is based on the kinetic energy levels in the 

rotor. The factor, �, is empirically derived with a value of 0.3 in most cases.  

�� = �U����'7�� +���2�� Z eq. 39 

 

A few loss models are available for radial turbines. Most of them are based on original work at NASA 

such as [57] and [58], but have been further refined [59]. 

These loss models will not be described in detail. Additional models, approaches and summaries of 

predicting turbine performance can be found in a number of sources [51], [54], [55] and [60]. In 

general they all provide reliable predictions of turbine performance given calibration to test data. By 

tuning loss coefficients for each loss component, the measured values of turbine performance can be 

matched. However, the specific coefficients may differ from one turbine stage to another and 

provide different levels of precision depending on the operating point.    

At design conditions, only minor losses are encountered when the turbine is operating at or close to 

peak efficiency. This is one reason for the success of the 1D approach. As efficiency is at a high level 

with low losses, the flow is mainly governed by ordered isentropic flow. Thus, the 1D representation 

is usually sufficient for making an adequate prediction, at least at design conditions.  

The 1D approach works both as a design and analysis tool. The analysis part is used for assessing 

turbine performance when operating away from design conditions, “off-design”. In this “mode”, the 

turbine stage geometry is fixed and operating conditions varied. It can include imposing different 

sets of rotational speeds, pressure ratios, temperatures, etc. Most turbines will face periods when 

they operate in off-design conditions. The exact duration and conditions will depend on the 

application but some common cases include: start-up and shut-off, load changes in speed and 

power, re-matching, geometric scaling and transients. With regards to the turbocharger turbine 

stage, the periods at off-design will be substantial compared to other turbine applications, a 

consequence of the operating conditions constantly changing and covering a wide range of mass 

flows, temperatures, pressure, etc. The 1D analysis can help construct the performance parameters 

necessary for the turbine map to cover relevant “on-engine” operating points for turbocharger 

matching or engine system analysis. 

3.2 Turbine Stage 3D Design 

The next step of the turbine stage design process involves defining the full 3D geometry. The 1D 

process will only provide the overall geometry and set the flow conditions at the inlet and outlet of 

each turbine stage component. The blade shapes, contours, thickness, angles and distribution of 

geometric parameters throughout each component etc. need to be constructed using 3D tools. Also, 

the influence of 3D flow effects on the blade and channel passages must be included. Before 

proceeding with the 3D design, the 2D design step will be mentioned briefly. This is an intermediate 

step sometimes included in the design process. 
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The 2D approach was developed long before any commercial CFD codes were in use. It has its basis 

in solving the basic equations governing the flow physics, namely; momentum, continuity and 

energy equations. In the most simple form of 2D analysis, the flow is regarded as completely 

inviscid and adiabatic. This simplifies the analysis to a great extent as momentum, mass flow etc. 

will be conserved properties. In a vector format, the governing equations of momentum, continuity 

and energy will be presented in eq. 40, eq. 41 and eq. 42 respectively. They are given without 

derivation based on [60]. In eq. 40 the second and third term of the right hand side represent the 

Coriolis and centrifugal acceleration respectively. These additional terms arise when considering 

the flow in the rotating coordinate system relevant for analyzing the flow inside the turbine rotor. �wttu�� = −1�∇� = ��ttttu�� + 2v�tttu ×�ttttux + �tttu × R�tttu × {tuS eq. 40 ���� + ∇ ∙ v��ttttux = 0 eq. 41 ���� − 1� ���� + v�ttttu ∙ ∇x� = 0 eq. 42 

 

In order for the 2D calculations to proceed, the blade passage domain is divided into annular, 

axisymmetric so called stream surfaces. The surfaces are situated as to have no velocity component 

in the normal direction(perpendicular) to it and no mass flow across it. Governing equations are 

solved for considering flow bounded by two stream surfaces, a stream sheet. This representation 

allows for the flow to be analyzed from hub-to-shroud in the meridional plane. The 2D solution can 

then be used for defining the passage geometry such as the hub and shroud contours.  

The results for the 2D solution of hub-to-shroud flow can be expanded to take into account 

variations in the blade-to-blade direction. If combined, both the hub-to-shroud and blade-to-blade 

results will form a quasi 3D solution of the flow. It can be a very powerful way of conducting 

detailed design of the complete turbine stage. 

The advantage of the 2D analysis is speed of execution. The numerical solution can be obtained very 

fast allowing a large number of design changes to be assessed in a short amount of time. However, 

the 2D approach also has its inherent limitations. Although there are ways of including viscous 

effects by simple boundary layer models, complex flow effects are not possible to model. Secondary 

flow and flow separations will not be captured which both have profound effects on the turbine 

performance. Especially if the operating condition is away from optimum point, that is “off design” 

operation. At this condition large separated areas may arise as a consequence of incidence angles. 

Therefore, the 2D analysis is normally used at design conditions only. 

 

With the aforementioned limitations, the flow encountered in radial turbomachinery may be 

difficult to model. In comparison with axial turbines, the turning of the flow is more complex. The 

flow will be turned both in the meridional and tangential direction, usually with very sharp 

curvature. The effect on the flow will typically be very significantly influenced by secondary flow 

development which the 2D analysis cannot predict.  

In summary, the 2D step can prove useful for axial turbine stages in order to avoid extensive CFD 

evaluations. However, the applicability with regards to radial turbine stages is questionable. In such 

cases, the flow field is characterized by a high degree of 3D effects, thus the 2D design step is of 

limited use. Normally, after 1D design is complete the design is refined using full 3D evaluation in 

CFD. 

In practice, specific CAE systems are used which specialize in turbomachinery with fully parametric 

geometry. In combination with CFD, FEA and CAM analysis, a final, fully-defined 3D geometry can 

be constructed. Most often, several design “loops” are required, often including DoE and 
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optimization steps on a multidisciplinary level. Fig. 23 summarizes a typical design process, starting 

from an initial design specification and ending with the final hardware.    

 
Figure 23. Design process of a general turbine stage, design loop between 1D and 3D highlighted. 

In fig. 23, the design loop between 1D and 3D design is highlighted. Usually, there are deviations 

between 1D and 3D calculations with regards to performance, mechanical aspects, etc. or there can 

be conflicting requirements. As a result, several design iterations are usually necessary before 

proceeding to the subsequent stages: CAD design, prototype hardware, etc. At each step of the 

design process, internal loops are also common, especially in combination with optimization 

strategies.  

The design process of turbine stages as outlined has been refined extensively over time. The process 

is now relatively straightforward, normally targeting a turbine design of high efficiency at a given set 

of conditions. As a result, turbine peak performance is currently at a very high level, often in the 

88+%-point region of isentropic efficiency, specifically for process, power plant and propulsion 

applications of turbine stages. However, the turbocharger turbine stage is special in this regard. Not 

only is the operating range very different and of smaller size, but many conflicting requirements 

restrict the attainable efficiency level.  

In some cases, turbocharger turbines are deliberately designed with sub-optimal turbine parameters 

with regards to efficiency. The turbine design process must be put in its context with general 

product development to understand the reasoning behind this. Aside from aerodynamic 

performance, there are always conflicting requirements. Mechanical durability, component life, 

cost, weight, inertia, manufacturability and size are often of equal if not greater importance than 

aerodynamics, especially for mass-produced turbines such as the turbocharger turbine. Production 

aspects and durability are the top priorities. A successful turbine design must find a way of 

combining all constraints with the highest possible performance level. 

 

3.3 Turbine Stages for Turbochargers 

Since the use of turbochargers has become very common in the past decades, suppliers have 

emerged offering solutions for all types of engines. In most cases, engine manufacturers depend on 

these external suppliers for turbochargers. To cover a wide range of engines with regards to power 

levels, sizes and applications, it is common to modify one base turbine stage design into several 

variants. One volute design can be modified with respect to throat area, which will affect the 
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component’s flow characteristics. Similarly for the rotor, the inlet and outlet tip diameter can be 

reduced to allow for alteration of blade tip speed or flow capacity. Combining different volutes and 

rotors modified from a single base geometry can cover a wide size range compared to the original 

design. Although this is cost effective and common, it will not be ideal as the turbine should be re-

designed for each engine application in order to attain optimum performance.   

For a typical heavy-duty turbocharger turbine stage, only the basic components are normally 

included, as shown in Ch. Turbocharging. A radial turbine rotor is used in combination with a 

vaneless volute without any stators or variable geometry. Each component is usually constrained by 

the aforementioned requirements. As a consequence, the aerodynamic design will be highly 

restricted. 

Since the turbine rotor will encounter high temperatures, temperature cycling, rotational speed 

variations, fluctuating pressure, combustion residues from the cylinders, etc., mechanical durability 

is very important to achieve adequate component life. Not only design aspects but also materials 

become important for ensuring durability. The rotor is a cast component using a high density, 

temperature-resistant alloy, most often forming part of the Inconel family of alloys. In addition, 

turbine rotor design is carried out with a radially fibered geometry constraint. This implies that each 

metallic fiber is situated along a straight line from the center. The advantage of this is reduced 

mechanical stress levels as no additional bending moment will be imposed as the rotor spins. 

However, it sets limitations on numerous aerodynamic design parameters such as blade angle 

distribution, which will compromise the aerodynamic performance of the rotor. 

For the volute, aspects of casting manufacturing can impose limitations on wall thickness, area 

distribution, surface finish, tongue shape, etc. Similarly to the turbine rotor, temperature and 

pressure levels need to be taken into account. The volute is cast using a high-temperature ductile 

cast iron material such as SiMo or similar. In addition, the volute must be able to contain the 

turbine rotor in the event of complete failure of the rotor. Thus, the wall thickness of the volute is 

usually relatively thick in relation to the other components.   

The requirements for both the turbine rotor and volute as highlighted normally pose quite severe 

restrictions on the aerodynamic design and hence the aerodynamic performance.  

3.4 The Radial, Mixed Flow and Axial Turbine Stage 

While radial turbines are feasible for light-duty and heavy-duty turbochargers, they are not the only 

type of turbine stage available. Mixed flow and axial turbines are also alternatives for the same 

application. They differ with regards to design, flow path and characteristics compared to the radial 

turbine. In Ch. Turbine and Engine Interaction the specific details have been outlined.  

In general, turbines are defined and named with respect to the flow direction. For a radial turbine, 

flow enters the rotor in the radial direction and exists in the axial direction. Alternatively, the flow 

can enter and exit in the axial direction alone, which is the case of the axial turbine. Altering 

between a fully radial and axial turbine, the inflow direction can be tilted to create a combination, 

the mixed flow turbine. In this case, the flow has both radial and axial velocity components at the 

rotor inlet. Fig. 24 shows radial, axial and mixed flow turbines for comparison. 
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Figure 24. The radial (full), mixed flow (dotted) and axial turbine (broken lines) types from left to right. 

The turbine types are not only different with regards to flow direction, they differ with respect to 

both loading, flow and efficiency characteristics. To categorize the turbine types, a dimensionless 

parameter Specific Speed is often used. This parameter has been observed to correlate very well with 

efficiency for different kinds of turbomachines. From experimental data, specific charts have been 

constructed [58] and [61], see fig. 25. Each turbine type will typically show peak efficiency values at 

a distinct value of specific speed defined as in eq. 43. 

�J = "r	eDKVΔ�J�/�  eq. 43 

 

 
Figure 25. Specific speed and efficiency correlation, based on [61]. 

The specific speed parameter is generally used for determining what kind of turbine is suitable for a 

given duty. In turbocharger applications the specific speed parameter is generally not considered as 

the turbine type is usually fixed and chosen based on all requirements, not just aerodynamics. 

In general, the axial turbine is better suited to high flows compared to the radial turbine. Also, it can 

be designed to cope with high loadings efficiently. It is often found on large turbomachines such as 

gas turbines and steam turbines but has also been manufactured in smaller sizes. One example is 
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large marine engine turbochargers that almost exclusively employ axial turbines due to high flow 

and size. Very large radial turbines are difficult to manufacture as the casting process becomes 

complex. The mixed flow turbine is an attempt to modify the radial turbine with the target to 

achieve higher stage loadings by sweeping the inlet blade angle. It has gained some success in the 

turbocharger application for both light-duty and heavy-duty. 

The difference between the extremities, radial and axial turbines, can be understood by comparing 

the empirically derived charts of optimum turbine parameters and efficiency, see fig. 26 and fig. 27. 

They are more commonly used in the turbocharger industry compared to the specific speed 

parameter. 

Comparing fig. 26 and fig. 27, it becomes clear that the radial turbine is rather restricted in its 

design while the axial turbine can span a broad range of turbine parameters with a high level of 

efficiency. Key to this comparison is the constraint on turbine design. The radial turbines being 

considered are of a radially fibered design, which results in a very narrow region of high efficiency. 

The axial turbine geometries in fig. 27, on the other hand, have been compiled using different blade 

designs. As a result, the peak efficiency region can be altered.     

 
Figure 26. Turbine stage efficiency chart for radially fibered radial turbines, based on [62]. 
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Figure 27. Turbine stage efficiency chart for axial turbines, based on [63]. 

With regards to turbine stage design, the process for mixed flow and axial turbines is based on the 

same approach as for the radial turbine. Different models, evaluations, additional steps and 

parameters may be used but the overall structure is the same, see fig. 23. Details on specific loss 

models, methodology, etc. can be found in [54].   

 

3.5 Turbocharger Turbine Stage Design Summary 

The design process outlined in this chapter is very generic and makes no difference to the size, 

application and operating range of the turbine. Design conditions and designer parameters are used 

as input and a defined 3D geometry will result after multiple design loops. Most developments in 

design tools, procedures, loss models, etc. have been based on gas turbine and steam turbine 

applications.  

The design of turbocharger turbine stages has more or less “inherited” the entire process. However, 

the turbocharger application is different with regards to size, requirements, trade-offs and operating 

conditions. Nevertheless, the turbocharger turbine stage will be designed for a set of fixed design 

conditions using the same tools and methodology as in the general case.  

By far the most significant difference will undoubtedly be the operating conditions. Due to the 

intermittent nature of the internal combustion engine, exhaust valve opening and closing will result 

in pulsating exhaust flow. The turbocharger turbine stage will experience a periodic cycle with 

constantly changing inflow conditions. A gas turbine or steam turbine, on the other hand, will 

operate in a state that is close to constant, steady flow conditions.  

In relation to the design process, the question arises as to how the design point conditions should be 

determined if the operating conditions are constantly changing. This is a key difference compared to 

the steady flow application and highlights the unique design aspect of the turbocharger turbine 

stage.       
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4 Turbine and Engine Interaction 

This chapter aims to cover the complex interaction between the engine and turbocharger turbine 

stage. Key to a successful turbine stage design is an understanding of the engine and turbocharger 

as a system. All of the exhaust system components interact, which will have an effect on the PV 

diagram and therefore the resulting engine performance. 

4.1 The Exhaust Process 

The exhaust process of a pulse-turbocharged engine will impose a pulsating flow, as explained in Ch. 

Turbocharging. Fig. 28 shows operating conditions for a turbine stage under the influence of a 

typical exhaust pulse. In this example, a radial turbine stage is assumed to form part of a pulse-

turbocharged engine concept. Exhaust valve opening, EVO, and closing, EVC, correspond to point 

A. The available exhaust energy power in the exhaust gases (red) and the extracted turbine power 

(blue) have been plotted in fig. 28, left-hand side. The corresponding turbine loading (represented 

as BSR) and efficiency operation is shown on the right-hand side. Flow quantity values such as 

pressure, temperature, mass flow, etc. will fluctuate during the exhaust pulse event, reaching both 

high and low values. As a result, power levels will follow the same trend. The turbine stage will 

encounter a wide range of operating conditions in the pulsating exhaust flow.    

Comparing the traces in fig. 28, the radial turbine operates at high loading away from maximum 

efficiency at the peak of the exhaust pulse, point B. At this peak, the available exhaust energy is very 

high, representing most of the exhaust pulse energy. As the corresponding efficiency is far from 

maximum, the exhaust utilization process will be sub-optimal.  

 
Figure 28. Exhaust pulse power levels (left) and turbine operation (right), based on [27]. The intersection of 
grey dotted lines (right) indicates the point of maximum turbine stage efficiency. 

The example shown in fig. 28 is typical of a sub-optimal turbine design of a pulse-turbocharged 

engine. Turbine efficiency is at the lowest level when the maximum amount of energy is available, 

and vice versa. The exact exhaust pulse shape will vary for different engine types, exhaust system 

designs and operating points. In general, however, the exhaust pulse at low engine RPM and high 

load will be of low frequency and high amplitude, as in fig. 28. This operating point is of major 

importance for a heavy-duty engine taking into account the applications of such engines. Cruise 

conditions for a typical long-haulage truck is high gear and low engine RPM at high load, an 

operating condition that is sustained for a considerable amount of time. At high engine RPM, 

exhaust pulses arrive more frequently, usually resulting in a slightly more “constant” pulse shape 

that reduces variability. [64] shows an example of turbine operation for high and low engine RPM. 

In addition to turbine power extraction, the resulting pressure interaction between the different 

cylinders of the engine must be taken into account. Since most turbocharged engines have more 
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than one cylinder, particularly in the heavy-duty segment, the exhaust process of each cylinder in 

relation to the other cylinders becomes critical. As the exhaust valves open, exhaust gases will be 

emptied into the exhaust manifold, raising pressure and allowing the gases to flow towards the 

downstream turbine stage. However, the resulting exhaust pressure will not only manifest itself in a 

specific part of the manifold, it will influence the entire exhaust system. Crucially, the exhaust ports 

of all cylinders connected to the common exhaust manifold will be affected. As the engine 

crankshaft rotates, each cylinder takes it in turn to expel the cylinder exhaust gases. The pressure 

level in the exhaust manifold resulting from the exhaust process of one cylinder can impact the rest 

of the cylinders. With regards to cylinders later on in the firing order, a pressure rise can occur 

during the exhaust stroke, which is a consequence of the exhaust pressure of the preceding cylinder 

affecting the entire exhaust manifold. The effect on pumping work will reduce engine efficiency.  

Fig. 29 shows an example of the implications for the pumping loop with different so-called 

separation levels for a heavy-duty turbocharger. Three cases comprising no separation, nominal 

separation and full separation of the exhaust pulses between cylinders are considered.  

As the cylinder completes the exhaust stroke, work is required in order for the piston to displace the 

exhaust gases. Conversely, during the intake stroke, high-pressure air is introduced into the cylinder 

forcing the piston downwards in the bore. In fig. 29, work is regarded as positive with arrows 

pointing to the right and negative with arrows pointing to the left. With this convention in mind, the 

integrated area of the loops will be proportional to the net pumping work. The pressure interaction 

effect is pronounced when comparing the pumping loop for each trace. 

 
Figure 29. Gas exchange process in a PV diagram influencing exhaust pulse separation level, based on [65]. 

For a pulse-turbocharged engine, two main aspects are crucial with regards to the turbine stage. 

They can be summarized as follows: Efficiency at high loadings and exhaust pressure interaction. 

The first aspect will be related to the design and characteristics of the turbocharger turbine stage. 

The second aspect is associated with the influence of the exhaust process of one cylinder in relation 

to the other cylinders. It will be affected by both the turbine stage and exhaust manifold design. 

Turbine stages with more than one inlet connected to the exhaust manifold can significantly impact 

the resulting pressure interaction process. The extent of exhaust pulse separation of the turbine 

stage is usually characterized in the literature by the inlet or scroll separation performance.  
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4.2 Multiple Inlet Turbine Stages 

The majority of heavy-duty engines are six-cylinder engines for both Otto and Diesel application. 

With respect to the common firing order 1-5-3-6-2-4, it becomes natural to divide the six cylinders 

into two groups: cylinders 1–3 and cylinders 4–6. They will be opposing and alternate with regards 

to the exhaust process. Each group will take it in turn to empty the exhaust gases into the exhaust 

manifold as the engine is running. For this reason it is favorable to include multiple inlets in the 

turbine stage. This provides the capability of a compact design of the exhaust manifold, allowing for 

a small volume and avoiding pressure interaction between cylinders. By splitting the exhaust 

manifold into two separate parts, each one connected to a cylinder group and a turbine inlet, 

separation of the exhaust pulses can be achieved. Combined with an efficient turbine stage, such a 

layout can result in a favorable gas exchange process and high engine efficiency. 

Fig. 30 in Ch. Turbocharging shows a common multiple inlet turbine stage arrangement, the twin 

scroll turbine stage. It comprises a volute with two separate inlets that provide flow along the full 

circumference of the downstream rotor. A divider wall in the volute separates the two inlet channels 

upstream the rotor. The turbine stage is of a vaneless volute design. The twin scroll turbine stage 

can be found on many production engines in the heavy-duty segment and may be regarded as the 

current state-of-the-art turbine stage for pulse-turbocharged engines.  

Due to the multiple inlet arrangements of turbine stages for pulse-turbocharged engines, the turbine 

performance characteristics become more complex to define. The flow field in turbine stage 

components will depend on the distribution of flow between each inlet. To quantify the effect, the 

admission ratio is defined. This normally dictates the amount of flow in one of the inlets in relation 

to the total flow through the turbine stage. At “on-engine” conditions with pulsating exhaust flow, 

the admission will vary similar to other flow quantities such as pressure, temperature, mass flow, 

etc. As a result, specific turbine performance for different admission ratios is required in order to 

fully characterize the turbine at the relevant conditions. Turbine maps are constructed for a range of 

admission ratios, which can be accommodated both numerically and experimentally, as explained in 

Ch. Turbocharging. Examples of turbine maps relevant in this respect can be found in [65] and 

[66]. 

Two main flow regimes will be important with regards to the admission ratio. Full admission, with 

full flow in both inlets and single admission, with flow in only one inlet. At low engine RPMs and 

high load the turbine will experience a condition close to single admission at the exhaust pulse peak, 

while at higher engine RPMs, a condition close to full admission will result. This is a consequence of 

the pulse frequency of the exhaust pulses varying in according to engine RPM. 

It can be concluded that the efficiency and separation aspect become important for achieving high 

gas exchange performance in the pulse-turbocharged engine. However, the question arises how both 

aspects relate to turbocharger turbine stage design. 

4.3 Turbine Stage Operating Conditions 

The separation performance will be largely governed by the turbine stage inlet arrangement. For a 

six-cylinder engine, two fully separated inlets or a common single inlet illustrate two layouts with 

vastly different separation characteristics. However, the number of inlets could be increased further 

to provide one inlet for each connected cylinder, an arrangement combined with individual exhaust 

manifold pipes. The latter layout would be an example of extreme exhaust pulse separation. 

There are serious implications for turbine performance and operating conditions given different 

inlet configurations. A single inlet turbine stage would probably operate at high efficiency, only full 

admission, but allow for considerable pressure interaction. On the other hand, fully separated inlets 

would result in no pressure interaction but a significant reduction in efficiency, especially as the 
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turbine operates at or close to single admission. Additional losses will arise in comparison with the 

full admission case due to the asymmetry of the flow into the rotor. The single admission case holds 

significance as it represents the operating conditions at or close to the peak of the exhaust pulse, a 

condition highly relevant to the exhaust utilization process, as was discussed in relation to fig. 28. 

Also, increasing the number of inlets could result in periods of minimal or no flow through the 

turbine stage, windmilling. The effect will lower the turbine performance as the rotor is providing 

work to the gas in the passages as a result of the ventilation effect. A detailed summary of inlet 

arrangements for different engines and implications for the turbine stage can be found in [21].  

The way each inlet admits flow into the rotor can also vary, which affects efficiency and separation 

performance. Both full and sector admission along the circumference of the rotor exist with their 

respective characteristics. A comparison can be found in [67] and an overview is presented in fig. 

30. 

 
Figure 30. Common radial turbine stage inlet layouts, mono scroll (left), twin scroll (middle) and sector 
divided scroll (right). A meridional plane cut section is provided in the bottom part of each type of inlet. 

In fig. 30, a mono scroll (left), twin scroll (middle) and sector divided scroll (right) turbine stage are 

presented. The top part shows the volute and inlet arrangement while the bottom part illustrates a 

cut section in the meridional plane through the volute and rotor. The mono scroll and twin scroll 

will allow for flow along the full 360-degree circumference of the rotor, only differing with regards 

to the number of inlets. The sector divided scroll, on the other hand, only admits flow along two 180 

degree sectors. It has two mirrored inlets in relation to the twin scroll turbine stage that 

incorporates the inlets side by side. Both the twin scroll and sector divided scroll turbine stage have 

two inlets in common but differ substantially with regards to turbine performance and 

characteristics due to the rotor flow admission.  

The types of turbines mentioned in Ch. Turbine Design complicate matters further as they have 

unique separation and efficiency characteristics depending on the inlet arrangement. Similar to the 

radial turbine stage shown in fig. 30, the axial and mixed flow turbine stage can accommodate 

similar inlet arrangement principles. In general, it can be said that the radial turbine suffers from 

low efficiency with complete inlet separation while the reduction in efficiency for an axial turbine is 

less pronounced. 

Ultimately, the optimum solution of turbine type, rotor admission and inlet arrangement affecting 

efficiency and separation will constitute a trade-off. The turbine stage design must be carried out in 

conjunction with the engine requirements and turbocharging strategy (pulse-turbocharged or 

constant pressure turbocharging). Depending on the charging concept targets, the solutions will be 

different. The inlet layouts presented in fig. 30 have all been incorporated in production engines. 

However, the engines differ in size, cylinder number, application, charging concept, etc.     
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With reference to fig. 28, it was observed that the radial turbine stage achieved low levels of 

efficiency at the exhaust pressure pulse peak, point B. In fig. 31, rotor inlet velocity triangles have 

been constructed for a discrete set of operating points corresponding to A (top), B (bottom) and 

maximum efficiency (middle) in fig. 28. As the rotor is rotating at a very high speed and the 

exhaust pulse event is rather short, the blade speed is assumed to be constant during the exhaust 

pulse.   

 
Figure 31. Turbine stage rotor inlet velocity triangles and loading corresponding to point A (top), B 
(bottom) and maximum efficiency (middle) in fig. 28. The rotor is of radially fibered design. 

Focusing on the level of incidence which is closely related to efficiency of the turbine stage, it takes 

on both negative and positive values. Note the direction of the relative inlet vector. For point A, 

corresponding to low loading (high BSR) and limited exhaust energy available (fig. 28, left-hand 

side), the turbine is operating at negative incidence in excess of the optimum. The relative flow 

vector misalignment with the blade could incur separation in the blade passage and associated high 

losses. However, this case only results in a minor efficiency deficit, see fig. 28, right-hand side.    

At point B, high loading (low BSR) and substantial exhaust power available (fig. 28 left-hand side), 

the relative inlet vector has shifted and is now pointing in the same direction as the blade speed 

vector. The incidence angle will achieve a highly positive value at this condition. Due to the 

characteristics of the blade passage flow of the radial turbine (mentioned in Ch. Turbine Design), 

the flow will most likely separate from the blade surface close to the tip. A significant reduction in 

efficiency will result for this radially fibered rotor design, see fig. 28, right-hand side. 

It can be understood at this stage that the restriction on blade design of the radial turbine stage 

rotor can result in an efficiency deficit when the available exhaust power is at its highest level. The 

radially fibered constraint on rotor design incurs a severe incidence angle at this condition. This 

constraint has been discussed in relation to turbocharger turbine stages in Ch. Turbine Design.  

To counter the problem of excessive incidence, the inlet blade angle can be modified to better align 

the blade with the flow vector. In the example in fig. 31, the blade could be “swept” at the rotor inlet 

for the point B case in a counter-clockwise direction. It would shift the efficiency curve as in fig. 28, 

right-hand side towards the left, higher loadings. Close to the peak of the exhaust pulse, higher 
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turbine stage efficiency would result in a higher exhaust energy utilization level. The modification is 

usually termed blade sweep.   

Initially, blade sweep of radial turbines was attempted but resulted in high mechanical stresses as 

the geometry was not radially fibered [23]. However, implementation of a cone angle at the inlet 

allowed for both blade sweep and radially fibered geometry, the mixed flow turbine. Extensive 

studies, including detailed flow visualizations and performance assessment in CFD, experiments 

etc., have evaluated the advantages of the mixed flow turbine [25], [26], [33] and [68]. The studies 

show favorable efficiency characteristics at high loadings due to the blade sweep effect, as previously 

described. 

 

Successful designs have been presented in relation to engine performance compared to the standard 

radial turbine stage. In [27], an example design resulted in a reduction in engine transient response 

time due to improved turbine efficiency at the peak of the exhaust pulse. The degree of blade sweep 

for a mixed flow turbine is, in practice, constrained to values of around 30 degrees. At higher values, 

the cone angle becomes excessive, which leads to complex volute design. Also, the rotor hub line 

may increase radially affecting inertia. This geometric parameter is associated with the transient 

response of the engine. This represents the time it takes for the turbocharger to provide the correct 

boost pressure for an engine load step, sometimes denoted “turbo lag”. However, inertia must 

always be considered with turbine efficiency as both are important for the power buildup. The 

response time can be seen to be proportional to the inertia and efficiency, as in eq. 44, for a given 

change in rotational speed and available isentropic exhaust power.   

∆� ∝ 0.5���Hn,V  eq. 44 

 

For the most extreme case of blade sweep, aligning the blade with the flow at high turbine stage 

loadings, the axial turbine provides a feasible alternative. This kind of turbine has the highest degree 

of freedom with regards to blade shapes. As observed in Ch. Turbine Design, the axial turbine stage 

can be designed to operate efficiently for a wide range of flows and loadings. 

Fig. 32 shows an overview of rotor inlet blade angle modification for a radial and axial turbine stage. 

Comparing with the velocity triangles as a function of loading in fig. 31, it will be necessary to 

change the inlet blade angle as loading increases. Otherwise, the incidence angle will become 

excessive. For a turbine stage design that operates with strong exhaust pulses, as is the case with 

pulse-turbocharging, this aspect becomes very important. High exhaust energy utilization by means 

of an efficient turbine stage may require both bespoke designs and consideration of the full array of 

turbine types.       

 
Figure 32. Turbine stage rotor inlet blade angle alteration, radial rotor (left) and axial rotor (right). 
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4.4 1D Engine Simulation 

In Ch. Turbocharging, turbocharger and engine simulation were mentioned in conjunction with 

turbocharger matching. In order to fully capture all of the aspects highlighted in this chapter, a very 

detailed simulation model is required. The entire engine, as a system, must be included in order to 

conduct an assessment of a given turbocharger. This will require the relevant physics to be resolved, 

adequate representation of the turbocharger components and sufficient simulation speed. 

The only current way of trying to include all of the necessary ingredients is the 1D engine simulation 

model. It is based on discretizing all of the flow volumes of the engine system into sub-volumes and 

resolving the flow physics in 1D. Each volume will be connected to each other and to the relevant 

engine component such as intake valve, exhaust valve, turbine inlet, etc. At the interfaces, boundary 

conditions can be passed to the connected components.  

For the exhaust system specifically, the exhaust manifold is divided into its respective parts. Straight 

sections, bends and splits will make up the entire manifold in the 1D model. At the outlet boundary, 

the turbine stage will be connected to its specific model. The turbine stage is normally represented 

by the map performance parameters. Fig. 33 shows an example of a 1D simulation model layout. At 

the bottom of the dotted rectangle, a section of the manifold geometry connected to cylinders 1 and 

2 has been highlighted. In the upper part, the corresponding discretized model is constructed from 

the interface boundaries of the manifold geometry. The original shape has been transformed into 

basic pipe components. 

 
Figure 33. Example of 1D engine simulation model discretization, based on [22]. 

After initializing the 1D simulation at a given engine load and RPM point, the flow in each flow 

volume will be resolved in the direction of the flow. The spatial distribution of flow quantities in the 

volume can be calculated by a control volume approach. Equations of mass flow, energy, 

momentum etc. will be solved, also taking into account unsteady time-dependent effects. The details 

of such calculations will not be given in this chapter but are summarized in a number of sources 

such as [21] and [22]. 

Although the 1D simulation model is a simplification of the flow in each flow volume, the 

representation of bulk flow quantities such as temperature, mass flow, pressure etc. are found to be 

adequate. The simulation approach is very common nowadays and is used in all engine-related 
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development in the industry. It includes the relevant phenomena to be resolved combined with fast 

simulation times. However, it often requires engine data for calibration or prior knowledge of 

simulation model constants to achieve a truly accurate simulation.   

There are ways of including the full 3D effects that further refine the simulation through a more 

detailed representation. One example is coupled simulations, combining 1D and CFD. While the 

simulation may be more accurate, it impacts computational power and simulation time. In the 

future, with increasing computational power, it might be possible to include increasingly more 3D 

calculations in engine simulations. However, with the turnaround times needed in the current 

development environment, a full 3D engine model is very difficult to realize.   

The 1D modeling approach makes it possible to include the effects of the exhaust pulse from the 

exhaust valve to the turbine inlet, not only taking into account the implications for overall engine 

performance but also the detailed turbine stage operating conditions on a time or crank angle-

resolved basis. To evaluate, match and design a turbine stage for a pulse-turbocharged engine, this 

kind of an analysis is essential. The available energy levels, pressure interaction, turbine operation 

and performance can be studied in relation to each other.   

For the common twin scroll turbine stage, work has been conducted recently to include all of the 

characteristics of this turbine stage in 1D engine simulations. Both the effect of separation 

performance and the efficiencies for different admissions have been implemented. A thorough 

description of the modelling approach can be found in [69] and [70]. 

      

4.5 Turbine Stage Unsteady Evaluation 

The 1D modelling approach can result in very useful simulations that take into account the unsteady 

operating conditions of the turbine stage. However, significant efforts have been made in evaluating 

the accuracy of the turbine stage representation. The exhaust pulses will not only impose varying 

conditions in the exhaust system but also dynamic effects. Both simulations and measurements 

have observed phenomenon occurring in the turbine stage as a consequence of the “unsteady” 

operation. This unsteadiness indicates complex interactions of flow quantities such as mass flow 

and pressure in time, which results in an “emptying and filling” effect. The flow volume of the 

exhaust system can accumulate and empty flow depending on the nature of the exhaust pulse. 

Hysteresis “loops” with regards to turbine operation have been shown both numerically using CFD 

and experimentally as a result of this effect. A marked impact on turbine stage performance has 

been observed for certain pulse conditions in relation to more conventional means of evaluation. 

The results have questioned formerly and currently used models of turbine stage representation in 

engine simulation software, etc.  

The unsteady effects on turbine operation are in sharp contrast to the frequently used assumption 

of “steady” or “quasi-steady” representation. For time-dependent flow conditions resulting from an 

exhaust pulse, the assumption is based on correspondence with the turbine stage map performance. 

The map is normally assessed either numerically or experimentally at steady-state conditions. The 

assumption dictates that the performance of the turbine stage at each flow condition in time (during 

the exhaust pulse event) can be determined by the corresponding point on the steady-state map.   

A number of studies have observed both similarities and dissimilarities between the quasi-steady 

and fully unsteady turbine stage performance using elaborate evaluation methods. Depending on 

pulse frequency, amplitude etc., the difference varies regarding turbine stage performance and 

operation. Implications for both turbine flow capacity and efficiency have been shown in studies 

such as [31], [32], [35] and [36]. A comprehensive summary of this complicated issue can be found 

in [38].  
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The unsteady evaluation of turbine stage performance introduces a number of additionally 

important aspects compared to a steady-state case. In the latter case, time dependence exists that 

makes the measurement, calculation of flow quantities, etc., straightforward. However, in the 

unsteady situation a pressure pulse of a certain frequency, amplitude and shape is imposed in a 

cyclic but time-dependent manner.  

Unsteady evaluation complicates the measurement set-up and evaluation due to the additional 

dynamics involved. The flow volume upstream, downstream and of the turbine stage itself becomes 

important. Each volume can accumulate and empty flow governed by the pulse conditions that have 

been imposed. Depending on the volume between measurement sections, the measured values of 

the same flow quantity will differ at a given instant in time. Measurement signal phase-shifting is 

required to take into account the time lag between signals. In addition, evaluation of the 

measurements can be performed in a number of different ways for both instantaneous and cycle-

averaged quantities. A number of studies have been conducted with extensive investigation of both 

measurement set-ups and ways of evaluating the results. However, it can be difficult to compare 

results from different rigs or simulations as there is no established method for the unsteady 

evaluation. 

At this point it may be hard to draw any general conclusions from the studies concerning the 

unsteady turbine stage evaluation. No real conclusive breakthrough or method have been presented, 

let alone adopted, by the industry. The turbine stage will probably be affected performance-wise by 

pulsating flow, though to an uncertain extent. Results thus far include a number of differences and 

unknowns with regards to measurement set-up, turbine stage geometry, rigs and simulation set-

ups, imposed conditions, evaluation methods, etc. The question of representing actual “on engine” 

exhaust pulse conditions can also be raised. In combination, all aspects raise doubts regarding a 

generalization of unsteady turbine stage evaluation. 

 

Apart from the complexity and questions raised about the unsteady evaluation method, there is also 

the issue of practical use and applicability. Definitive advantages with regards to turbocharger 

matching, turbine stage design, etc. for even higher engine performance must be demonstrated for 

general adoption. Up until now, very little has been shown that highlights this aspect. 

Without clear direction regarding the way in which a turbocharger turbine stage should be 

evaluated, there is sound reasoning for the turbine design, though. It has been shown 

experimentally [22] and [38] that the rotor could be regarded as quasi-static. The quasi-static 

assumption proves reasonable considering the small flow volume contained in the rotor passage, 

limiting the emptying and filling effect.  

In this context, the effect of time constants on the exhaust event and turbine stage operation is 

important to note. The exhaust pulses will arrive with a frequency determined by the cylinder 

number and the engine rotational speed. The rotor will rotate typically in the region of 50–100 

times faster. The high speeds of the turbine stage result in a velocity level throughout of several 100 

m/s. A fluid particle would enter and exit the turbine stage extremely quickly. Thus, the time for an 

unsteady effect to manifest itself in the rotor passages will be very limited. The rotor would have 

turned several revolutions during each exhaust pulse event while being admitted with a high speed 

flow. To quantify this kind of effect, the Richardson number has been introduced [22], see eq. 45. 


+ = "���  eq. 45 

 

The Richardson number includes the frequency of the unsteady phenomenon (exhaust pulses), ", 

meridional length of the rotor passage, � and the mean relative flow velocity in the rotor �� . It has 

been found that a value below 1 corresponds to quasi-steady-like operation. 0.1 [22] is quoted for an 
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automotive turbocharger, which implies that the quasi-steady or quasi-static assumption is 

reasonable. For a typical heavy-duty turbocharger turbine stage operating at engine conditions 

corresponding to low engine RPM and high load, an approximation can be made. In eq. 46, the 

engine is assumed to operate at 1,100 RPM with the turbocharger rotating at 90k RPM. Values of 

relative flow velocity at the peak of the exhaust pulse and an approximation of the meridional 

passage length have been used. 


+ = "��� = R1100/60S ∙ 0.5 ∙ 6 ∙ R35/1000SR500 + 200S ∙ 0.5 ~0.006 eq. 46 

 

Eq. 46 indicates even lower values of the Richardson number compared to the automotive case. It 

serves to confirm the same assumption of quasi-static rotor operation for the heavy-duty 

turbocharger turbine stage.    

The main unsteady effects will be confined to the upstream volume such as exhaust manifold and, in 

some cases, the volute. These volumes can be handled separately by 1D simulations and provide the 

inflow conditions necessary for design. Thus, the tools and methodology for turbine design as in Ch. 

Turbine Design can still be applicable. 

Today, most detailed turbocharger matching and analysis will be carried out using 1D engine 

simulation with quasi-static representation of the turbine stage. At steady-state flow conditions, 

turbine stage performance is assessed to provide the map parameters. By imposing flow conditions 

at the turbine stage boundary, the map points are used to determine the performance at each time 

step. The resulting performance will set the effect of the turbine stage on gas exchange and engine 

performance.   
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5 Methods 

Turbocharging is a multi-disciplinary subject covering a broad range of technical fields. 

Aerodynamics, mechanics, thermodynamics and modelling are all essential for the design and 

analysis of the turbocharger.  

The background of the tools and measurements used in the context of turbocharger and turbine 

stage development has been included in Ch. Turbocharging, Ch. Turbine Design and Ch. Turbine 

and Engine Interaction. The purpose of this thesis is not to provide a detailed repetition of all 

aspects in relation to turbocharging. Rather, the focus is on a general overview of the main themes. 

All technical details can be found in the sources referred to in each chapter.  

The work conducted within this thesis has involved all methods encountered in turbocharger 

development, ranging from the numerical evaluation of turbine stages on both a 1D and 3D level, 

tools for 1D and 3D design of turbine stages, 1D engine simulation tools, gas stand measurements 

and, finally, engine testing.  

The necessity of including all of these methods is a consequence of spanning the entire turbocharger 

turbine stage design process. Analysis, design and testing were covered in a number of studies 

within the scope of the thesis. 

Fig. 34 shows an overview of the turbine design steps specific to this thesis in a flowchart. They 

differ to some extent compared to the general design process shown in fig. 23 of Ch. Turbine 

Design. The main differences are explained by the scope and level of the project described in this 

thesis in relation to the general product development process used in industry. As a research 

project, not all steps are necessary for the investigations being undertaken. For example, life 

assessment, cost of mass-production, product validation in commercial use and manufacturability 

are not evaluated for a research prototype turbine stage. 

If regarded as a whole, all activities within this thesis in total include all of the steps shown in fig. 

34, more or less a turbine design process from a clean sheet of paper to prototype testing. 

 
Figure 34. Flow chart of turbine stage design process from a clean sheet of paper to prototype testing.  
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The basis of the work is the 1D engine simulation to evaluate the effect on system performance. The 

commercial tool GT-Power by Gamma Technologies has been used, the industry standard for 

engine and vehicle OEMs. It can provide the crank angle-resolved variables needed to determine the 

turbine design point conditions in the pulsating exhaust flow. It is also the basis of the extensive 

evaluations of new turbine stage designs and design alterations that are presented. For 1D turbine 

stage design, the commercial meanline software RITAL and AXIAL by Concepts NREC have been 

the basis for design. From the 1D level, the design is refined in 3D using the AxCent tool, also by 

Concepts NREC. The tool provides full geometry definition and an assessment of aerodynamic 

performance and mechanical durability using powerful 3D solvers. Complete design of the turbine 

stage, integration with turbocharger and engine interfaces, exhaust manifold design etc. is 

conducted in the subsequent CAD step. CATIA by Dassault Systémes is used for all CAD work. With 

the entire exhaust system included, detailed evaluation and optimization can be carried out with 

regard to aerodynamics and mechanical design of the system or specific parts. The CAD models are 

defined in generic formats, which allow for external solvers to be plugged in. CFX by ANSYS and 

ABAQUS by Dassault Systémes have been employed for some CFD and FEA evaluations in this 

project.  

With a final CAD geometry, 3D models and drawings can be provided as a basis for procurement 

and manufacturing of prototype hardware. With the turbine stage ready, it is assembled with the 

bearing housing and compressor to form a complete turbocharger. The turbocharger can then be 

instrumented for gas stand or engine testing to facilitate a detailed analysis. 

Highlighted in fig. 34 are the dotted reverse arrows that indicate iterations and information 

feedback between steps. As the development of a turbocharger turbine stage is complex and 

multidisciplinary, the design process will inevitably proceed iteratively. Trade-offs, deviations 

between different steps and refinement need to be taken into account. Crucially, the turbine stage 

will be continuously simulated in a 1D engine simulation from the first 1D design to the full 3D 

design. In this way, the effects on turbine stage performance can be evaluated and the design altered 

if necessary.   

There could also have been reverse arrows from each test activity to validate the simulation models. 

However, they have been excluded as it was not possible to validate each turbine design or alteration 

presented in this project.  

5.1 Specific Research Questions 

Ch. Introduction presented the background to the thesis and the research questions were listed 

from an overview perspective. However, in order to progress with clear research tasks or activities 

they were further specified. The specific research questions are listed below. 

• To what extent do pulsations in the exhaust flow (frequency, amplitude, pulse shape) affect 
turbocharger turbine stage performance? 

 

• What is the effect of exhaust manifold design on turbocharger turbine stage performance? 
 

• How will turbine stage design point conditions be affected by pulsating flow? 

 

• What are the limitations of the common radial turbine stage in relation to the exhaust 

energy utilization process in turbochargers?  

 

• Can engine system efficiency be increased by other types of turbines such as the mixed flow 

or axial turbine stage? 
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For each research question, a separate study or studies were conducted resulting in one or more 

papers for publication. The contribution of each paper will be listed in Ch. Summary of Papers. In 

the subsequent Ch. Results, the main findings will be presented and discussed.   
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6 Results 

In previous chapters of this thesis, an overview of the concept of turbocharging has been presented. 

It serves the purpose of providing a brief introduction in order to understand the results presented 

in this chapter. Based on the research questions formulated in Ch. Introduction and Ch. Methods, a 

number of research studies were conducted. Together they represent the sum contribution of the 

thesis work. In this chapter the overall outcome of each individual study is summarized and 

discussed. For further details, the corresponding paper has been referred to, see Ch. Appended 

Papers. 

6.1 State-of-The-Art Radial Turbine Stage 

The entire process of a turbocharger turbine stage design may appear overwhelming at first given 

the complex system and multidisciplinary aspects. To understand the state-of-the-art level of 

turbine stages for pulse-turbocharged heavy-duty engines, the twin scroll radial turbine stage was 

thoroughly investigated. Work started on characterizing the specific turbine stage from gas stand 

measurements and provide a detailed analysis on a 1D and later a 3D level. In fig. 35, the gas stand 

overview and measurement positions are presented. 

 
Figure 35. Gas stand overview for twin scroll turbine stage testing, from Paper 1. 

A typical twin scroll turbine stage for a 13 liter Diesel engine was tested extensively on a gas stand. 

The specific turbine stage incorporated additional detailed measurement sections inside the stage 

that are normally absent in standard gas stand testing. The measurement set-up adopted acquired 

both overall turbine stage performance (map data) and component-specific measurements. In 

combination, it provided a solid basis for the investigation. In fig. 36, the detailed measurement 

positions in the twin scroll turbine stage are visualized. 
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Figure 36. Detailed twin scroll turbine stage instrumentation, from Paper 1. 

To facilitate the detailed 1D analysis of the twin scroll turbine stage, a specific analysis tool was 

developed. The tool is based on the meanline approach as described in Ch. Turbine Design. The tool 

allowed for full characterization of turbine stage flow quantities using the available measurement 

data. Turbine stage component velocity triangles and performance could be assessed. 

  

The tool is based on the detailed measurements available from the gas stand test and correlations in 

combination with the fundamental governing equations of 1D flow. Fig. 37 contains an overview of 

the calculation methodology from turbine stage inlet, 4, to the diffuser exit, 8. A separate pressure 

loss model attained from a previous gas stand test and an empirically derived swirl coefficient are 

used to take into account losses in the volute. Together, they define the flow state at the volute 

outlet, 5, in combination with overall gas stand measurements of mass flow, temperature, etc.  

 
Figure 37. 1D analysis tool methodology for twin scroll turbine stage, from Paper 1. 
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The most difficult part of the 1D calculations is defining the flow state at the rotor inlet. Between the 

volute outlet, 5, and rotor inlet, 6, complex flow interaction takes place as the flow from both inlets 

is mixed in a very short distance. Nevertheless, a fundamental approach to this region was 

implemented utilizing a control volume approach. Fig. 38 shows the detailed calculations.  

 
Figure 38. Mixing zone model for twin scroll turbine stage, from Paper 1. 

Equations of continuity and momentum are solved together with the measured value of rotor inlet 

static pressure. In this manner, the complete flow state can be defined at the rotor inlet.  

From compressor side measurements on the gas stand and a model for bearing friction, turbine 

power can be assessed. By applying the Euler Turbomachinery Equation in combination with the 

rotor inlet flow state, turbine power and static pressure measurement at the rotor outlet, the flow 

state can be defined in this section, 8t. The influence of static pressure gradient resulting from flow 

deflection is included using simple radial equilibrium. Finally, the diffuser exit state can be 

calculated using overall gas stand measurements and static pressure measurements. Additional 

details of the calculations can be found in Paper 1.  

With the measurement set-up and calculations steps described, the flow state at each section can be 

determined for the twin scroll turbine stage. This provides a unique possibility of conducting an 

elaborate analysis in addition to overall gas stand results. The characteristics of the twin scroll 

turbine stage with regards to efficiency, loading, degree of reaction, incidence angle, diffuser 

performance, etc. can be studied in detail. In addition, since the developed tool uses a fundamental 

approach, single, full and intermediate admissions can be included. 

For validating the approach and calculations of the tool, the exact same twin scroll turbine stage was 

modeled using commercial meanline software for 1D radial turbines, RITAL. The RITAL model was 

calibrated to the overall gas stand measurements. See Paper 1 for more details on the specific 

quantities.  

In fig. 39 through fig. 41, a selection of the results presented in Paper 1 have been included. The 

results pertaining to the developed tool are labelled Gas stand and for the calibrated model are 

labelled RITAL. Results from both models are in good agreement although some deficiencies can be 

found. This is expected as one is based on the actual hardware test and the other on complete, 

although calibrated 1D modelling. However, the agreement serves to verify and build confidence in 

the tool.   
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The results highlight the efficiency deficit of the twin scroll radial turbine as a function of loading. 

Using the detailed component approach it can be related to the rotor incidence angle. The peak 

efficiency coincides with a BSR level close to 0.7, which was emphasized in the Turbine Design 

chapter. Although some variation exists as a function of the rotational speed, the incidence angle 

has been observed to take on negative values at the corresponding points. At the other end of the 

spectrum, at the high loading, the efficiency decreases with positive incidence angles. The loading 

characteristics of the radial turbine stage as discussed theoretically in a previous chapter can be 

confirmed for the twin scroll turbine stage. 

Particular care was taken for all components in the twin scroll turbine stage in Paper 1. One of these 

is the diffuser component, crucial to turbine stage efficiency. Fig. 41 presents an example result of 

the detailed analysis of diffuser performance. It illustrates diffuser pressure recovery, a measure of 

the ability to recover kinetic energy at the rotor outlet as a function of swirl angle. The diffuser 

tends to be sensitive to the flow angle at the inlet, which takes on values depending on the turbine 

stage design and operating point. A high swirl angle implies a significant influence of wall frictional 

effects that reduce the diffuser performance. Additionally, the recovery of the tangential velocity 

component can only be accommodated by an increase in radius. The trend of decreasing diffuser 

performance with increasing swirl angle is visible from the measurements in fig. 41.   

The example of detailed diffuser performance assessment is only one example of the capabilities of 

the developed 1D analysis tool. These kinds of details are very valuable as they provide guidance for 

the turbine designer for implementing geometric changes for higher performance on a component 

basis. 

 
Figure 39. Turbine efficiency at full admission, from Paper 1. 
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Figure 40. Rotor incidence angle at full admission, from Paper 1. 

 

 
Figure 41. Diffuser pressure recovery at full admission, from Paper 1. 

More details of the developed tool, analysis, measurements and gas stand can be found in Paper 1. 

In addition, a study continued with the twin scroll turbine stage geometry, but now on a numerical 

CFD basis, Paper 5. The identical turbine stage was also modelled including a main part of the hot 

side of the gas stand rig. The CFD domain extended from the gas burner outlet to the end of the 

turbine stage discharge pipe, see fig. 42. 
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Figure 42. CFD domain representing the hot side of the gas stand, from Paper 5. 

Modelling the entire gas stand set-up allowed for a detailed comparison of simulations and 

measurements as all components are included in the simulation model. The results show good 

agreement at low pressure ratios and full admissions. However, at higher pressure ratios there was 

marked divergence.  

The CFD model was used to investigate the difference between measurements and simulation 

results. To compare the specific results of turbine stage components, the CFD model included the 

identical interfaces that were in the 1D analysis tool, see fig. 43. At each interface a plane was 

defined in CFD for evaluating flow quantities such as pressure, flow angles, etc. Using the detailed 

measurements, it was possible to find plausible explanations for the differences observed in CFD.  

 
Figure 43. 1D analysis tool and CFD interfaces for comparison,  from Paper 5. 
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Two main contributory factors regarding the disagreement in results at high pressure ratios were 

identified: volute and rotor inlet mixing zone. The latter entity is also particularly difficult to resolve 

in CFD due to the inherently complex flow field, which was raised in the discussion of fig. 38. The 

CFD results underestimated the pressure losses in these regions, an effect that increases with 

pressure ratio. In fig. 44, the volute total pressure loss is compared between the CFD model and the 

empirical measurement-based model from the 1D analysis tool. The resulting total pressure loss will 

significantly impact efficiency and other parameters as it governs the rotor inlet pressure. This 

pressure is used for expansion in the turbine stage, closely related to the developed power and 

extracted work. Hence, key parameters such as efficiency will be affected. 

 
Figure 44. Volute total pressure loss compared for CFD and 1D analysis tool,  from Paper 5. 

Paper 5 contains more details on the numerical set-up, analysis, results, etc. 

Both studies into the twin scroll radial turbine stage performance provided insights into the 

efficiency and loading characteristics of this type of turbine stage. At high loadings, the efficiency 

deficit is marked, which is typical for radial turbines stages. Also, the detailed comparison of 

numerical and measured results might spur further development of simulation model approaches 

that capture the relevant flow phenomena with enhanced accuracy, an aspect of increasing 

importance as more and more turbine stage assessments are conducted using simulations.   

6.2 Radial and Mixed Flow Turbine Stage Design 

In many cases, the radial turbine stage has been observed to show significant efficiency loss at high 

loadings. However, studies normally evaluate a fix geometry either numerically or using 

measurements. With regards to the turbine stage design, the influence of design parameters must be 

taken into account, especially in the context of pulse-turbocharged engine concepts with highly 

variable flow conditions throughout the entire exhaust system. 

In Paper 2 a study was conducted to investigate the potential of radial and mixed flow turbine 

stages for a heavy-duty engine, starting with completely new bespoke designs. This resulted in radial 

designs (A and B) and one mixed flow design (C), each with a different efficiency and loading 

behavior.  
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The turbine stages were all designed for common design point flow conditions. This steady-state 

point had been obtained through an initial matching process of the turbocharging system for a 

heavy-duty engine. By altering turbine design parameters, different characteristics could be 

accommodated. The three turbine stages differ with respect to the design point BSR at the common 

design conditions, see fig. 45. A represents the typical case of a radial turbine, designed for 

“optimum” BSR with regards to efficiency. BSR 0.7. C, on the other hand, allows for a lower value 

due to the mixed flow geometry, below BSR 0.7. The characteristics of the mixed flow and radial 

turbine have been highlighted in previous chapters, see Ch. Turbine Design for more details. 

 

Particular care was taken regarding the radial turbine B, which was deliberately designed for 

“higher-than-optimum” BSR at the design point. For a radial turbine this meant in excess of BSR 

0.7. It was expected that this change could be beneficial during the exhaust pulse event, a way of 

compensating for the rapid reduction in turbine stage efficiency of the radial turbine close to the 

exhaust pulse peak. All turbine designs, A, B and C, attained the same absolute level of efficiency at 

the design point conditions. 

 
Figure 45. Design point BSR for design A (red), B (green) and C (blue),  from Paper 2. 

The turbine stage design process started on a 1D level and ended with fully-defined 3D geometries. 

High-fidelity 3D simulations were used for the turbine stage performance assessment, which also 

included mechanical aspects. When adequate performance could be achieved without excessive 

stress levels, map data were provided for 1D engine simulations. In fig. 46 the final turbine rotor 

designs show the overall geometric dimensions in an overlay.  

The turbine designs are all similar in size, but differ in tip diameter as a consequence of the design 

point BSR. In addition, the mixed flow design allows for inlet blade sweep, in this case set to 30 

degrees.   
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Figure 46. Turbine rotor design A (grey), B (orange) and C (green),  from Paper 2. 

A detailed analysis of the “on-engine” behavior of the turbine stages was conducted using 1D engine 

simulation software. In addition to the operating conditions, turbine stage-specific parameters were 

also implemented in the simulation. As a result, crank angle-resolved flow quantities and turbine 

parameters could be analyzed during the entire exhaust pulse event. In this way, the performance in 

relation to the turbine stage design point could be examined.  

The entire exhaust pulse must be taken in account in order to correlate energy levels, turbine stage 

operating conditions and performance with the design aspects. In this way, the exhaust pulse peak 

contribution in relation to the entire pulse event can be evaluated. In conjunction with the detailed 

1D engine simulations, a novel analysis approach was developed. It included accumulating the 

extracted turbine stage work during the exhaust pulse event combined with the efficiency and 

loading characteristics of the turbine stage. In this way, the exhaust energy utilization process could 

be analyzed in relation to the design point. 

Fig. 47 shows 1D engine simulation results for turbine design A with regards to accumulated work 

and efficiency as a function of BSR for two cases of exhaust manifold volume(low and high). The 

data have been acquired for a full engine cycle(720 CAD) including the entire exhaust pulse event. 

The extracted turbine stage work as a fraction of the total and the associated efficiency have been 

plotted on the ordinate. At the start of the engine cycle, no work has been extracted therefore the 

accumulated work fraction is zero. At the end of the engine cycle, all the work for that cycle has been 

extracted, hence the accumulated work fraction is 1. The data have been sorted on BSR in order to 

relate to the design point. Theta corresponds to CAD in this figure. 

The dotted vertical line highlights the efficiency optima of turbine design A (radial). From the figure 

it can be observed that the majority of turbine work is actually extracted at BSR levels below 0.7. 

The cross-plotted efficiency indicates low values as the operating point moves away from optimum 

BSR. 

The influence of exhaust manifold volume has been considered in fig. 47 in order to study the 

volume effect. One case of high and one case of low volume. They will resemble constant pressure 

turbocharging in the former and pulse-turbocharging in the latter.   

 

The manifold volume is expressed in relation to the displacement volume of the engine and amounts 

to 0.27 and 1.61, respectively. The loading and energy distribution of the exhaust pulse can be seen 

to significantly depend on the exhaust manifold volume. The highest and lowest values of BSR with 
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corresponding efficiency differ to a large extent between the two cases. The case of low exhaust 

manifold volume will be greatly influenced by this variability as the dampening effect is low. Still, 

for the high volume case, the effect is not entirely absent. The turbine stage performance at low BSR 

becomes even more significant in the former case in order to utilize the energy in the exhaust gases.   

 
Figure 47. Fraction of accumulated turbine work (small dots) and efficiency (large dots) for two cases of 
exhaust manifold volume (red and light brown). Turbine design A is considered,  from Paper 2. 

The exhaust manifold volume effect was included as a sensitivity analysis in the 1D engine 

simulations for all turbine stages. This is a major parameter that governs the exhaust pulse shape 

and variability of turbine operating conditions. This aspect is interesting to highlight, focusing on 

the implications for turbine stage design. Fig. 48 shows the two main governing parameters with 

regards to exhaust manifold volume, manifold pipe length and diameter. They were varied to allow 

the volume effect to be analyzed, effectively altering the unsteadiness of the flow. 

 
Figure 48. Schematic exhaust manifold considered in Paper 2.  
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From this extensive analysis, it was observed that most of the exhaust pulse energy was contained in 

a narrow span of high turbine loading. It typically represents turbine stage operation at low BSRs 

and is pronounced for pulse-turbocharged engines. The span corresponds to the peak of the exhaust 

pressure pulse and indicates that the energy density is very high at this condition. 

For low volume, representing the pulse-turbocharged case, the limitation of the radial turbine stage 

efficiency characteristics can be emphasized. Sub-optimal values coincided with the high energy 

content of the exhaust pulse. However, comparison of the two radial turbine stage designs (A and B) 

shows an additional aspect. In fig. 49, crank angle-resolved turbine stage efficiency has been plotted 

for the turbine designs. At the exhaust pulse peak, efficiency deltas are included in this figure in 

order to visualize the differences. As has been previously shown, most of the exhaust pulse energy is 

available at this point.   

The “higher-than-optimum” design (B) can be observed to be superior to the “optimum” design (A) 

in the pulsating exhaust flow. At the exhaust pulse peak, it actually attains higher efficiency, which 

will be significant from an energy utilization perspective. The advantage is evident, considering both 

the high and low exhaust manifold volume case. It highlights the aspect of turbine stage design for 

pulse-turbocharged engines. A design that has typical efficiency characteristics, located at the 

“optimum” value of loading at the steady-state design point, may not be the ideal for pulsating flow 

conditions. Great care must be taken regarding the choice of the design point in relation to the 

energy levels of the exhaust pulse.  

 
Figure 49. Crank angle-resolved turbine efficiency for A (red), B (green) and C (blue), considering two cases 
of exhaust manifold volume (dotted and full lines). Deltas correspond to differences in instantaneous 
efficiency values at the exhaust pulse peak,  from Paper 2. 

Finally, considering the mixed flow turbine stage (C), it show the highest level of exhaust energy 

utilization compared to the other two designs. Its favorable characteristics have been observed to 

result in substantially higher efficiency during the exhaust pulse event. 

Still, all three designs operated at low efficiency far removed from optimum at the exhaust pulse 

peak that contained most of the energy, see fig. 49. The inherent design characteristics of both the 

radial and mixed flow turbine design are not ideal for highly pulse-turbocharged engines. 
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While some improvement could be found through design changes, the axial turbine stage was 

identified as a feasible choice for further investigation. This turbine type has the potential to 

increase the level of exhaust energy utilization. The characteristics can accommodate increased 

efficiency at high loadings compared to the radial and mixed flow turbine stage.   

 

6.3 Axial Turbine Stage Design for Pulse-Turbocharging 

Thus far, the studies in this thesis have considered radial and mixed flow turbine stages. Both 

thorough analysis and design aspects have been included. It can be understood that the limitations 

of turbine stage characteristics compromised the exhaust energy utilization process of the turbine 

types. 

To further improve energy recovery by the turbine stage, a different kind of characteristic is 

required. A feasible choice has been identified in the form of the axial turbine stage, a type of 

turbine with a high degree of freedom in blade design and efficiency characteristics that could prove 

favorable for a pulse-turbocharged engine. The basics of its features have been covered in Ch. 

Turbine Design and Ch. Turbine and Engine Interaction. 

To test the assumption of axial turbine feasibility in the context of heavy-duty turbochargers, a 

number of studies were conducted. In Paper 3 an investigation was presented involving scaling or 

modifying an existing radial turbine stage to achieve increased efficiency. The investigation 

indicates the limits of radial turbine stage design but also quantify the turbine operating conditions. 

The evaluation is based on implementing typical turbine stage design parameters, such as Stage 

Loading and Flow Coefficient, on a crank angle-resolved basis. The effect of design changes and the 

choice of an “optimal” type of turbine could then be determined. In this manner, the axial turbine 

stage can be validated as the correct choice of turbine type for high performance in the pulsating 

exhaust flow of a pulse-turbocharged engine.  

The turbocharger concept considered for this study comprised a “twin-turbine” layout, see fig. 50. 

Two identical turbine stages each connected to three cylinders drive a common compressor stage on 

a single shaft. The concept was conceived in order to enable low exhaust manifold volume, hence 

pulse-turbocharged. Using separate turbine stages, advantages with regards to exhaust manifold 

design can be realized. The turbine stage can be located close to the cylinder head, which results in a 

very compact exhaust manifold. 

 
Figure 50. Twin-turbine layout,  from Paper 3. 

The overall dimensions of a reference radially fibered radial turbine stage, including the blade tip 

diameter and outlet shroud diameter, ”trim”, were altered, two common parameters used in 

turbochargers for scaling and changing the characteristics of a turbine stage. Both parameters will 
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affect the turbine stage operating conditions and parameters. In fig. 51 both the trim and tip 

diameter alterations have been highlighted. 

 
Figure 51. Turbine stage trim (left) and tip diameter (right),  from Paper 3. 

The resulting modifications to the reference radial turbine stage were evaluated using 1D engine 

simulation software with regards to the exhaust pulse. Similar to previous investigations, it allowed 

for an assessment of the turbine stage operating range. However, in this case, particular care was 

taken with turbine parameters in the context of turbine stage design. The values could be compared 

in relation to the energy content of the exhaust pulse and empirical data regarding high efficiency 

turbine stage designs. In this way, a clear link between the choice of turbine type and design aspect 

could be investigated.  

The data considered for the evaluation comprised the turbine stage performance charts compiled by 

Smith and Chen & Baines. The latter chart is typically used for radially fibered radial turbine stage 

design common to turbocharger applications. The former chart, on the other hand, are associated 

with axial turbine stage design. Both charts have previously been shown in Ch. Turbine Design. To 

use the charts for evaluating turbine types and design aspects relevant to the study, they were 

combined into one chart. In relation to combining both charts, there are two points worth raising.  

First, the base data by Smith and Chen & Baines are not entirely consistent with regards to the 

definition of turbine stage parameters, for example, Flow Coefficient. Second, in the case of the 

former, turbine designs vary with regards to inlet blade angle, degree of reaction, etc., while the 

latter only consider radially fibered radial turbine stages with a zero blade inlet angle. However, for 

the purpose of basic trend-wise performance characteristics of axial and radial turbines, the effects 

of the aforementioned aspects are of minor importance.       

Fig. 52 shows the combined turbine chart together with rotor tip diameter variations. The traces 

have been evaluated at a low engine RPM point at full load for a heavy-duty engine. Arrows indicate 

the point of exhaust pulse peak, which is a very interesting point in this context. Similarly, fig. 53 

plots the influence of rotor trim. 



88 

 

 
Figure 52. Combined chart for tip diameter variation. Arrows indicate the point of exhaust pulse peak,  
from Paper 3. 

 
Figure 53. Combined chart for trim variation. Arrows indicate the point of exhaust pulse peak,  from Paper 
3. 

It was conceived early on that regardless of modification, the radial turbine stage was limited in 

efficiency for high exhaust energy utilization. Only the case of “100%” trim moved the operating 

point close to high efficiency radial turbine stage designs, an alteration which is not practical as the 

shroud curvature would be extremely sharp and difficult to design. With turbine parameters 

evaluated from the 1D engine simulations, it could be shown that the turbine operated in a region 
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typical of highly efficient axial turbines, particularly with higher flow coefficient, but also higher 

stage loading than what is optimum for radial turbine stages. 

A natural consequence of the results spurred further investigations into a bespoke axial turbine 

stage design. The study of crank angle-resolved turbine parameters and turbine operating 

conditions could be used to determine a design point relevant to high energy utilization, the point in 

this case being located close to the peak of the exhaust pressure pulse. Paper 4 presented the entire 

design process of a single stage axial turbine design for a pulse-turbocharged heavy-duty engine. To 

take full advantage of the exhaust pulse using a compact exhaust manifold, the concept of two 

identical but parallel turbines was continued.  

The axial turbine stage was designed for exhaust pulse conditions with high efficiency from the 

outset. Following the design process from 1D to 3D, also including basic FEA aspects, a geometry 

resulted to be evaluated in 1D engine simulation software. Fig. 54 shows the final axial turbine stage 

design. 

 
 

Figure 54. 3D geometry of the axial turbine stage stator and rotor,  from Paper 4. 

From the 1D engine simulation results, the axial turbine stage could be compared with the reference 

radial turbine stage that was considered in Paper 3. Both turbine stages are similarly sized, but the 

axial turbine stage shows enhanced performance. The detailed evaluation implemented in the 1D 

engine simulation could quantify aspects of overall engine performance, specific turbine stage 

operating points and parameters. To evaluate a turbine design for a pulse-turbocharged engine 

concept, this kind of analysis is required. It takes the entire engine system into account and allows 

the pulsating flow performance to be studied on a crank angle-resolved basis. The latter aspect is 

very important for the design phase of the turbine stage in order to determine design point 

conditions relevant to the pulsating exhaust flow.  

Fig. 55 shows the PV diagram that considers both the axial turbine stage and reference radial 

turbine stage. Due to the characteristics of the former, a significant contribution to the pumping 

work could be observed when comparing the integrated areas of the gas exchange process; a direct 

lever for enhanced engine performance. 
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Figure 55. Engine PV diagram for the axial turbine stage (blue) and reference radial turbine stage (red),  
from Paper 4. 

The detailed turbine stage operating points show the efficiency advantage of the axial turbine stage. 

Fig. 56 illustrates the extracted turbine power for each exhaust pulse. The figure should be viewed in 

conjunction with the corresponding efficiency highlighted in fig. 57. It is evident that high turbine 

stage efficiency occurs at the peak level of power, which represents the peak of the exhaust pulse. As 

shown in fig. 56, the instantaneous power in this condition is very high, especially in comparison 

with an average or mean level, emphasizing in turn the importance of exhaust pulse peaks and the 

requirement for detailed crank angle-resolved turbine stage evaluation.  

 
Figure 56. Turbine stage power for the axial turbine stage (blue) and reference radial turbine stage (red),  
from Paper 4. 
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Figure 57. Isentropic turbine stage total to static efficiency for the axial turbine stage (blue) and reference 
radial turbine stage (red),  from Paper 4. 

To verify the axial turbine as being the turbine type relevant to the engine concept, the combined 

chart was re-used, as has been shown in Paper 3. At the exhaust pulse peak, the turbine is operating 

in a region of highly efficient axial turbine stage designs, see fig. 58. The choice of the development 

of the axial turbine stage for a pulse-turbocharged heavy-duty application appears to be correct. 

Additional freedom of turbine design resulted in high exhaust energy utilization with marked 

benefits for the gas exchange process and engine efficiency.  

 
Figure 58. Combined chart for axial turbine stage operation,  from Paper 4. 
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While the first axial turbine stage geometry was proven to be feasible compared to a similarly sized 

radial turbine stage, the layout included two separate turbines. With the practical aspect taken into 

consideration, the axial turbine stage concept was extended to comprise only a single turbine for 

comparison with the twin scroll turbine stage. Importantly, the turbine stage layout would have to 

include the separation performance of axial turbine stages in relation to multiple inlet radial turbine 

stages, effectively evaluating the influence of both separation and efficiency. 

In Paper 6, a novel single stage axial turbine stage design was presented. To accommodate the 

exhaust pulse separation aspect, so-called sector division was imposed, in one way bearing some 

similarities to the partial admission of large axial steam turbines but with an entirely different 

purpose. By separating the turbine stage inlets from each other, the separation performance could 

be enhanced compared to a reference radial twin scroll turbine stage. For a six-cylinder engine, two 

separate inlets were implemented, each one covering approximately 180 degrees of the annulus and 

connected to one group of cylinders. Fig. 59 shows the complete turbine stage with the sector 

divided inlets. 

 
 

Figure 59. Sector divided axial turbine stage with two inlets (red and green),  from Paper 6. 

The sector divided axial turbine stage concept has the potential of combining both a high level of 

turbine stage separation and high efficiency, a combination that is very difficult to achieve for a 

radial turbine stage. It is entirely possible to design a sector divided radial turbine stage but it will 

seriously  impact efficiency. The reduction in addition to an already low level at high loading 

relevant to pulse-turbocharged engines was not considered feasible.  

Inlet division into completely separate sectors complicated the axial turbine performance 

assessment. Empirical correlations for efficiency decrements as a function of the sector division can 

be accessed in several empirical studies. The performance of partial admission steam turbines has 

traditionally been of interest in control stages for part load operation. Fig. 60 shows a comparison of 

the reference turbine stage and the sector divided axial turbine stage with regards to single and full 

admission. The axial design resulted in a higher overall efficiency level and shifted the maximum 

point towards higher pressure ratio, an efficiency characteristics that will be advantageous for a 

pulse-turbocharged concept.  
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Figure 60. Efficiency in single (triangle) and full admission (dotted) for sector divided axial turbine stage 
(blue) and reference twin scroll radial turbine stage (red). From Paper 6. 

In relation to the assessment of turbine stage efficiency, the separation aspect is unique for this kind 

of turbine application. No previous experience or data were available.  

To evaluate the separation, an extensive simulation model was created in CFD. It included a full 

360- degree model of annular passages, a situation normally not needed for non-sector admission 

designs. However, it became necessary to simulate the asymmetric flow in single admission in order 

to assess the separation performance. 

In addition, both steady-state and transient CFD simulations were run. The results show a unique 

characteristic with regards to the separation aspect. Due to the low degree of reaction for the sector 

divided axial turbine stage, the flow will be accelerated to a high level in the stator. The 

corresponding static pressure will decrease and reach low values. The pressure at the stator outlet 

will be the “driver” for the pressure interaction between inlets via circumferential and radial 

clearance gaps in this turbine stage concept. As low pressure resulted as a consequence of the 

turbine stage design, it was observed that the interaction between the inlets was negligible, more or 

less resulting in “perfect” separation performance. Fig. 61 shows the separation from the CFD 

evaluation, also including the reference turbine stage. The sector divided axial turbine stage data are 

located very close to the axis, indicating no influence of pressure interaction between the inlets. 
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Figure 61. Separation performance for sector divided axial turbine stage (blue) and reference twin scroll 
radial turbine stage (red). From Paper 6. 

With the sector divided axial turbine fully evaluated in terms of efficiency and separation, maps 

could be created for 1D engine simulations. It was observed that sector divided axial turbine stage 

provide great benefits for the engine. The efficiency and separation performance combined into a 

significant improvement in pumping work and engine efficiency. Fig. 62 and fig. 63 show the PV 

diagram and fuel consumption results in comparison with the reference turbine stage. 

 
Figure 62. Engine PV diagram at 1,100 RPM full load for sector divided axial turbine stage (blue) and 
reference twin scroll radial turbine stage (red). From Paper 6. 
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Figure 63. Normalized engine BSFC for 900–1,900 RPM at full load for sector divided axial turbine stage 
(blue) and reference twin scroll radial turbine stage (red). From Paper 6. 

The contribution of separation and efficiency separately in relation to engine performance was 

investigated in Paper 6. It was found that the separation is of greater significance than efficiency at 

low engine RPMs. In this region, the turbine stage operates closer to single admission at the exhaust 

pulse peak. For higher engine RPMs, the turbine stage operating point moves closer to full 

admission as the exhaust pulses arrive more frequently. As a consequence, the separation 

performance is less relevant and, instead, full admission efficiency is biased.  

It can be generally concluded that the sector divided turbine stage resulted in efficiency gains for the 

engine across the entire RPM range, notably, in the low engine RPM region at full load, an engine 

operating range relevant to the heavy-duty application.  

The sector divided axial turbine design was developed further to be able to utilize it in an actual 

engine. This meant designing inlets, diffuser, exhaust manifold, etc. specifically for the turbine 

stage. After several iterations of component design, a fully-defined turbine stage resulted that was 

possible to package onto a heavy-duty six-cylinder engine. The majority of components from a twin 

scroll turbocharger could be re-used. Fig. 64 shows the inlets connecting to the exhaust manifold 

and a cut section through the turbine stage. Each inlet (brown and yellow) connects to a cylinder 

group of the six-cylinder engine. In the cut section view, the inlets bend from a radial to an axial 

direction in order to admit flow into the turbine stage. A centrally-mounted stator blade row 

(purple) is clamped onto the bearing housing (pink). Downstream, the rotor (grey) is located close 

to the stator outlet and allows flow to exit the turbine stage through the diffuser (green).    
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Figure 64. Full turbine stage CAD model, including inlets connecting to the exhaust manifold (left) and cut 
section of the turbine stage (right). From Paper 6. 

The design study also shows the potential of the axial turbine concept in a practical sense. 

 

6.4 Axial Turbine Stage Prototype 

The sector divided axial turbine stage achieved favorable characteristics noticeably improving the 

gas exchange process and engine performance. Up to this point, however, only two symmetrical 

sectors have been considered. Further analysis of the sector division concept initiated a separate 

study into the performance of axial turbines with multiple sectors. 

For a six-cylinder engine, the entire range from a common single inlet to fully separated inlets with 

individual exhaust manifold pipes could be realized. The resulting turbine stage operating range will 

be significantly affected, imposing different admission ratios. To study the effect on the turbine 

operation, the axial turbine stage was developed to include six-sector divided inlets, see fig. 65. In 

this way, a number of inlet connections could be tested for a single turbine stage geometry. 

Depending on the design of the upstream exhaust manifold routing, arrangements from a single 

inlet to individual inlets are possible.  

 
Figure 65. “Six-sector” axial turbine stage. From Paper 7. 
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6.4.1 Numerical Evaluation 

In Paper 7, a thorough numerical CFD assessment of the six-sector design was presented. It 

included aspects of both efficiency and separation. To start with, steady-state admissions were 

simulated in CFD, from single admission with only one inlet active to full admission with all inlets 

active. Each admission was imposed with a wide range of pressure ratios and rotational speeds to 

represent relevant conditions for the turbine stage in the turbocharger application.  

Most of the results could be compared to a corresponding 1D model of the turbine stage, except for 

the separation performance. Due to modelling constraints, the 1D model and 3D model used in CFD 

were not absolutely identical. Thus, it was not possible to achieve absolute agreement for all 

evaluated parameters. However, turbine performance trends were found to correlate well. In fig. 66, 

an example result of turbine stage efficiency has been plotted for all admissions based on the 1D 

model and 3D model in CFD. 

 
Figure 66. Turbine stage efficiency from 1D and CFD simulation for single to full admission. From Paper 7. 

Similarly to the case of the two-sector design, which was considered in Paper 6, the numerical effort 

in CFD was extensive and also included full 360-degree modelling of the annulus to capture relevant 

phenomena at non-full admission. 

The asymmetric flow will incur complex flow phenomena, especially between active and inactive 

sectors. To include such aspects, a reference point was chosen to be simulated in CFD, but now 

including transient effects. Due to the substantial amount of computational power and lengthy 

simulation, only the reference point conditions were run. The identical point has been run for the 1D 

model as well as previous CFD cases. In comparison, a marked effect on performance was observed. 

In general, transient effects resulted in lower efficiency but increased separation performance. Both 

quantities have been plotted in fig. 67 and fig. 68. 
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Figure 67. Turbine stage efficiency at reference point comparing 1D, steady-state CFD and transient CFD. 
From Paper 7. 

 

 
Figure 68. Turbine stage inactive inlet static pressure at reference point, comparing 1D, steady-state CFD 
and transient CFD. From Paper 7. 

While there are absolute differences between the CFD approaches in fig. 67 and fig. 68, they both 

predict the same overall trend. The efficiency decrement is expected, which has been shown in 

comparison with the 1D model. However, the separation performance of the turbine stage can be 
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observed as being maintained for all non-full admission cases. Thus, with regards to separation in 

itself, there is no need to consider any more than two-sector divided inlets.  

In order to analyze the transient results in greater detail, a thorough study of the flow field was 

presented. It included visualizing the flow on a number of axial, circumferential and radial planes 

throughout the turbine stage. Interestingly, the flow field remained asymmetric from the turbine 

inlet to the diffuser for all non-full admission cases. Nevertheless, it was observed that the diffuser 

allowed for pressure recovery in the active region, although with reduced effect compared to full 

admission. 

The flow field indicated low static pressure at the stator outlet, particularly close to the hub and mid 

span. The high level of acceleration in the stator as a consequence of the low degree of reaction will 

effectively result in this outcome. The static pressure will govern the pressure differential from the 

active to inactive inlet, which influences the pressure interaction. In combination with narrow 

regions of cross flow between the active and inactive inlet, the pressure interaction was found to be 

negligible, confirming previous results with regards to separation performance of the sector divided 

axial turbine stage. 

In fig. 69, the static pressure distribution contour between the stator and rotor across the entire 

annulus is highlighted for 2/6 admission. Th pressure levels in the active and inactive inlets have 

been included in the background. As there is a negligible pressure increase in the inactive inlets, the 

separation performance is at a very high level. The same behavior was observed for all non-full 

admission cases.    

 
 

Figure 69. Static pressure contour between stator and rotor at reference point, 2/6 admission. The rotor 
rotates counter-clockwise,  from Paper 7. 

The performance assessment and flow field analysis of admission ratios provided valuable results. 

Turbine stage maps can also be evaluated to include the separation performance. Turbine stage 

characteristics could be explained in relation to the flow field and results, etc. However, the 

assessment included only a fixed set of steady boundary conditions. At “on-engine” conditions with 

exhaust pulses, all flow quantities and admission will vary in time. 
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To further analyze the turbine stage performance and operating conditions, a time-dependent 

transient CFD calculation was prepared. A 1D engine simulation model could provide the necessary 

boundary conditions for a full engine cycle as input to the CFD simulation. A representative point of 

full load, low engine RPM of a typical heavy-duty engine, was run. The most extreme case of inlet 

arrangement was considered with fully individual exhaust manifold pipes. Fig. 70 shows the entire 

CFD domain. 

 
Figure 70. CFD domain for time-dependent transient simulation, individual exhaust manifold pipes. From 
Paper 7. 

The transient simulation provided the evaluation of both the instantaneous and cycle-averaged 

performance of the turbine stage. The results can also allow for a comparison of operating 

conditions in relation to the fixed admissions previously considered.  

With individual exhaust manifold pipes, the turbine encountered very sharp exhaust pulses, 

considerably higher than at the design conditions. Although the efficiency suffered, the assessment 

shows interesting operating behavior. In fig. 71, crank angle-resolved turbine stage admission ratio 

has been plotted, in this example defined as the mass flow in each inlet in relation to the total mass 

flow through the turbine stage. The inlets are numbered by the connected cylinder. 

 
Figure 71. Turbine stage admission ratio from CFD simulation. From Paper 7. 
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At each point (CAD) in the engine cycle, at least two inlets are active, as seen in the overlapping 

traces from each cylinder in fig. 71. The turbine stage will never operate at single admission (one 

inlet active). The admission behavior is a consequence of the exhaust pulse overlap of the six-

cylinder engine and flow capacity of the turbine stage. 

By considering the mass flow and pressure traces of the domain, the “emptying and filling” behavior 

was studied. For the specific exhaust manifold geometry, the layout resulted in exhaust manifold 

pipes of varying length and volume for each cylinder. This had a marked effect on the observed 

pressure build-up and mass flow in the manifold pipes. Fig. 72 shows the interaction of these two 

quantities, defined at the inlet of the manifold, the exhaust port.  

 
Figure 72. Exhaust manifold pressure build-up and mass flow from CFD simulation. Each point is separated 
by 1 CAD. From Paper 7. 

As the data span an entire engine cycle, each trace proceeds in a “circular” manner counter-

clockwise. The right-hand flank represents the blow-down part and the left-hand side flank forms 

part of the pumping phase of the gas exchange process. Notably, mass flow is phased before the 

pressure. The short pipes (C4) with low volume incur high peak amplitude of the exhaust pulse due 

to the limited damping effect. The reverse effect occurred for the large, high volume pipes (C1/C6). 

Efficiency-wise, although not achieving a high absolute level, it was observed that the difference 

between the total and static definition was relatively constant. In fig. 73, turbine stage efficiencies 

have been plotted on a crank angle-resolved basis.   

During the exhaust pulse event, the offset indicates that diffuser pressure recovery can be 

maintained even in the pulsating exhaust flow. From the steady-state admission results, it was 

observed that the active sectors acquired pressure recovery in the diffuser for non-full admission 

cases. As the admission ratio will vary in the transient simulation, see fig. 71, it is not surprising that 

the diffuser allows for a degree of pressure recovery, even in pulsating flow.     
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Figure 73. Turbine stage efficiency from CFD simulation. From Paper 7. 

Only a selection of results from Paper 7 have been raised that highlight the most important aspects 

of the extensive CFD evaluation. The paper includes additional results of turbine stage quantities 

and flow visualizations throughout the turbine stage for all admissions. Also, the transient time-

dependent simulation with engine boundary conditions evaluates additional turbine stage 

parameters.   

6.4.1.1 Additional Exhaust Manifolds  

The numerical assessment continued with two other types of exhaust manifolds. One manifold was 

designed to resemble the arrangement of a “twin scroll” exhaust manifold. It allows for two 

“effective” turbine inlets or sectors as each of the two cylinder groups can admit flow along half of 

the turbine stage circumference. The geometry is denoted 3-1-3 and can be seen in fig. 74. 

The other exhaust manifold constitutes a manifold geometry subsequently used in the prototype 

phase of this project. It was designed to run with both “individual” exhaust manifold pipes and a 

“twin scroll” set-up using one geometry. Capability is provided by two crossover pipes for each 

cylinder group. The exact details of this arrangement are explained in the subsequent Engine 

Testing section. In the numerical evaluation, only the “twin scroll” set-up was considered. The 

manifold is designated Prototype and is shown in fig. 75. 

The considerable amount of effort in computational power, numerical set-up, evaluation and time 

constraints meant the results could not be published. However, the additional exhaust manifolds 

allow interesting comparisons to be made with regards to turbine operating conditions. They have 

therefore been included in this thesis. 

The first exhaust manifold design that has already been evaluated in Paper 7, see fig. 70, is further 

denoted Individual. 
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Figure 74. The 3-1-3 exhaust manifold. 

 
Figure 75. The Prototype exhaust manifold. 

Repeating the numerical assessment using unsteady boundary conditions from 1D engine 

simulations allowed for comparison of the exhaust manifold geometries with regards to turbine 

operating conditions and performance. The identical engine point was run for all cases, low engine 

RPM and high load. 

In comparison with the Individual exhaust manifold, focus was placed on the observed differences 

of turbine stage operating conditions and exhaust manifold flow. 

Starting with the admission ratio, in fig. 76 and fig. 77, the admission encountered at “on-engine” 

conditions has been plotted for the 3-1-3 and Prototype manifold. Corresponding data for the 

Individual manifold are presented in fig. 71. What is evident is vastly different admission behavior 

for the former manifold geometries. As they effectively represent a “two-sector” design by the 

manifold routing, each cylinder can admit flow in three turbine stage inlets. Most of the flow during 

the exhaust pulse event of one cylinder will run through the inlets connected to the specific cylinder 

group. However, the flow can also be seen to be admitted in the inlets forming part of the other 

cylinder group simultaneously. Thus, the flow will enter the entire annulus although being largely 

concentrated on three of the inlets. There are also differences between the 3-1-3 and Prototype 

manifold, which is a consequence of the manifold pipe routing.   
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The Individual exhaust manifold admits flow through at least two inlets simultaneously but 

asymmetrically. There are moments in time in which a number of inlets are entirely inactive with no 

mass flow, as seen in fig. 71. The admission ratio, as well as how the admission of flow is distributed 

between inlets, differ substantially depending on the routing of the exhaust manifold upstream of 

the turbine stage. 

 
Figure 76. Turbine stage admission ratio from CFD simulation, 3-1-3 manifold. 

 
Figure 77. Turbine stage admission ratio from CFD simulation, Prototype manifold. 
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Continuing with the mass flow and pressure interaction in the exhaust manifolds, in fig. 78 and fig. 

79, the quantities have been plotted for the 3-1-3 and Prototype manifold in the same way as for the 

Individual manifold. The latter results can be found in fig. 72.  

 
Figure 78. Exhaust manifold pressure build-up and mass flow from CFD simulation. Each point is 
separated by 1 CAD. 3-1-3 manifold. 

 

 
Figure 79. Exhaust manifold pressure build-up and mass flow from CFD simulation. Each point is 
separated by 1 CAD. Prototype manifold. 



106 

 

The trace of mass flow and pressure build-up in the exhaust manifold are similar when comparing 

the results for the 3-1-3 and the Prototype manifold. This is not surprising as both set-ups represent 

an analogous type of “connection” of the cylinders to the turbine stage inlets by means of the 

manifold design. The cylinders of each cylinder group are not separated as in the Individual 

manifold. As a consequence, there is pressure build-up at the exhaust port when the port is inactive. 

This part can be observed as vertical lines in fig. 78 and fig. 79 at zero mass flow. 

Compared to the Individual exhaust manifold in fig. 72, there are further differences that are worth 

noting.  A key difference will be the resulting pressure level in the manifold. As the exhaust flow can 

enter through three inlets instead of one and the turbine stage is constant, the “effective” flow 

capacity will increase. Thus, the pressure will not build up to the high levels previously encountered 

for the same total mass flow over the engine cycle. 

Further, the traces of each exhaust port are different when comparing fig. 72 with fig. 78 and fig. 79. 

The vertical part of the latter figures at low mass flows, left-hand side flank, represents the pumping 

phase of the gas exchange process. It proceeds with continuously decreasing pressure as the exhaust 

gases are emptied during the exhaust stroke of the engine. In contrast, the same phase for the 

Individual manifold continues with a steep inclination, indicating higher exhaust pressure. This 

stems from the low flow capacity as each cylinder can admit flow in only one of the turbine stage 

inlets, posing a high restriction.   

The 3-1-3 and Prototype manifold show minor differences as their routing and volumes are not 

identical. While the former is more symmetric with regards to the traces of cylinders in each 

cylinder group, the overall behavior is similar. 

Finally, the turbine stage efficiencies are highlighted in fig. 80 and fig. 81 for the 3-1-3 and 

Prototype exhaust manifold. Fig. 73 shows the corresponding efficiencies of the Individual exhaust 

manifold. 

As the overall pressure level will decrease due to increased flow capacity, the exhaust pulse will be 

lower in amplitude, consequently resulting in lower instantaneous peaks of turbine stage operating 

conditions. The levels encountered will be close to the initial design conditions of the axial turbine 

stage. Thus, the efficiency level will be higher, as seen in fig. 80 and fig. 81.  
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Figure 80. Turbine stage efficiency from CFD simulation, 3-1-3 manifold. 

 
Figure 81. Turbine stage efficiency from CFD simulation, Prototype manifold. 

In total, the extensive CFD investigations of exhaust manifold geometries show a significant effect 

on turbine operating conditions and performance. It highlights the system approach required when 

designing turbocharger turbine stages. Depending on the manifold design and routing, the same 

turbine stage operates very differently in the pulsating exhaust flow. In conjunction with this 

reasoning a brief note is warranted. The operating state will change if the turbine stage were to be 

redesigned for higher flow in the case of the Individual exhaust manifold. The investigation 

presented show a severe restriction as each cylinder can only admit flow in one inlet of the fixed 

turbine stage.  
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6.4.2 Engine Testing 

The final step of the sector divided axial turbine stage assessment involved prototype hardware 

development for engine testing. It included the turbine stage, exhaust manifold and arrangements 

for packaging on the actual engine. This was a challenging task as there are many interfering engine 

accessory components such as filter canisters, pipes, brackets, etc. In addition, it should be possible 

to alter the exhaust pressure pulse interaction between cylinders using a single exhaust manifold 

geometry. In Paper 8, the prototype development is described and results presented from engine 

testing. 

 

6.4.2.1 Hardware Design 

Re-use of the compressor stage, bearing housing and turbocharger position of a reference twin scroll 

turbocharger was targeted to minimize the number of new components. Also, this allowed the 

majority of engine interfaces such as oil supply lines, air intake pipe, compressor outlet pipe, etc. to 

remain unaltered. Further, the turbine stage is compatible with the exhaust outlet interface that 

connects to the aftertreatment system. Although these aforementioned requirements placed 

constraints on the hardware design, it was the only possible way of limiting the design resources 

required, as well as time-to-test.  

Through a substantial design effort, the prototype components were made ready for manufacturing.  

A fully bespoke sector divided axial turbine stage design and exhaust manifold were constructed just 

as planned. With the exception of a minor modification to the bearing housing, it was possible to re-

use components from the reference turbocharger. Fig. 82 shows the major turbine stage 

components. Fig. 83 presents the complete turbocharger and exhaust manifold. 

 
Figure 82. Prototype turbine stage, rotor (upper left), stator and shroud (upper right), turbine housing 
(lower left) and diffuser housing (lower right). From Paper 8. 
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Figure 83. Prototype turbine stage assembled with exhaust manifold and compressor stage. From Paper 8. 

The exhaust manifold includes individual pipes for each cylinder connected to a separate inlet on 

the turbine stage. However, to vary the pressure interaction, crossover pipes were designed for each 

cylinder group. The ends of these pipes can either be fully open, blocked or a throttling plate can be 

inserted, thus controlling the pressure interaction. In fig. 83, the crossover pipes are located at the 

top of the exhaust manifold of cylinders 1–3 and 4–6, respectively. 

With blocked crossover pipes, the exhaust manifold will be entirely individual with full separation 

between cylinders. Fully open, each cylinder can admit flow into three turbine inlets, effectively 

representing a “two-sector” turbine stage. In between, throttling plates of varying diameter can be 

used for intermediate points. 

The arrangement with crossover pipes allows for a wide variety of testing using a single exhaust 

manifold and turbine stage geometry. It is not ideal with regards to the flow, incurring losses in 

bends, junctions, etc. but is a feasible way of maximizing the testing ability, given the constraints.  

All of the exhaust manifold pipes comprise constant diameter pipe segments welded together. The 

routing has been carried out with a view to keeping the volume of each pipe as equal as possible. 

This turned out to be successful. Table 1 shows the flow volume of each cylinder. The volume was 

acquired by scanning the pipe components before welding and adding up all component volumes in 

CAD. 

Table 1. Volume of exhaust manifold pipes connected to each cylinder. From Paper 8. 

Cylinder 1 2 3 4 5 6 
Volume, L 0.66 0.60 0.63 0.60 0.46 0.50 

 

The exhaust manifold set-up includes V-band interfaces at two points for each pipe branch, exhaust 

port and turbine inlet. This made it possible to re-use the manifold flange connected to the cylinders 

and the turbine stage if other routings needed to be tested. 
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The major turbine stage components comprised: 

1. Cast iron turbine and diffuser housing, see fig. 82.  

2. Milled stainless steel stator and Inconel rotor, see fig. 82. 

3. Turned stainless steel shaft, see fig. 82. 

4. Turned stainless steel stator shroud, see fig. 82. 

   

The stator design included three separate stagger angles for varying the flow capacity of the turbine 

stage. This corresponds to a solid body rotation of the nominal blade design to achieve slightly 

different throat areas. In addition to nominal geometry, +1 degree and -1 degree re-staggered 

variants were all manufactured. The alteration will incur a variation of flow capacity of roughly +5% 

and -5% compared to nominal.  

The turbine housing incorporates six separate inlets for connecting to the upstream exhaust 

manifold. It is mounted onto the modified bearing housing and the stator is clamped to it. A mating 

plate between the leading edges of the stator blades that coincide with the walls of each turbine 

housing inlet is used for sealing. This ensures that the sectors remain totally separated from each 

other. A loose stator shroud has been inserted over the blades, which also covers the cylindrical 

rotor. The rotor is of blisk design with the blades and disk forming one part. This is feasible for 

small axial turbine geometries as separate blades would be difficult to manufacture and assemble. 

Connected to the turbine housing is the diffuser housing, which aligns with the rotor trailing edge 

hub and shroud. A hollow centerbody part with three struts is included. The entire assembly has 

been made compatible with the reference turbocharger compressor, making it possible to build an 

entire turbocharger. See fig. 82 for the respective parts of the turbine stage and fig. 83 for the 

turbocharger assembly.  

6.4.2.2 Measurement Set-Up 

Early in the design phase, care was taken to include as many measurement positions as possible to 

allow for detailed evaluation in the subsequent testing phase. Pressure taps formed part of the cast 

model and drawings from the start. This avoided the uncertainty of location, wall alignment, 

dimensions, etc., which could arise if they were to be implemented after the manufacturing process. 

The taps were used as wall static measurement locations and were located throughout the turbine 

stage. At the turbine stage inlet, between the stator and rotor, after-rotor and close to the diffuser 

outlet, several taps cover the entire circumference in each position. As the layout is difficult to show 

on the hardware, a simplified overview has been created in fig. 84. 

Similar taps were added to the exhaust manifold close to the exhaust ports. In this way, full 

instrumentation of each pipe branch is possible, starting at the exhaust port and ending at the 

turbine stage outlet.  
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Figure 84. Prototype turbine stage measurement tap positions. From Paper 8. 

The instrumented turbocharger and exhaust manifold can be seen in fig. 85.  

 
 

Figure 85. Complete prototype turbocharger assembly with measurement arrangement. From Paper 8. 

The results and analysis from subsequent engine testing of the prototype was the main contribution 

to Paper 8. 

Before actual engine testing could commence, significant preparations were required. Pressure 

sensors were connected to the measurement taps on the manifold and turbine stage. However, due 

to limited sensor accessibility, it was only possible to measure two branches. Cylinders 2 (A branch) 

and 5 (B branch), which form part of the two cylinder groups, were instrumented from exhaust port 

to turbine stage outlet. The pressure sensors used are capable of high frequency resolution, which 

allows for crank angle-resolved data to be acquired. In fig. 86, such a pressure sensor has been 

photographed. 
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Figure 86. Fast pressure sensor used for the acquisition of crank angle-resolved data. Note the coolant lines 
necessary for measurement in a high temperature environment. From Paper 8. 

In addition, traditional temperature and pressure sensors that belong to engine cell control were 

included. They are not capable of measuring with high frequency resolution but are used on a cycle-

averaged basis and for monitoring hardware limits. 

6.4.2.3 Engine Test Procedure 

For comparison, a reference twin scroll turbocharger was tested initially. In the test both standard 

measurement set-up and exhaust manifold were used. Although not as elaborate a measurement 

set-up as the axial turbine stage, the results can be used for valuable comparison purposes. A wide 

sweep of engine RPM and load was run, from 900 RPM to 1,400 RPM, up to a maximum torque of 

2,500 Nm with a disabled wastegate. 

The axial turbine stage testing attempted to replicate the identical engine RPM and load points as 

the reference turbocharger. However, due to dissimilar sizing and characteristics it was not possible 

to achieve the operating points while also taking into account AFR, maximum cylinder pressure, 

exhaust temperatures, emissions, etc. Nevertheless, valuable data could be acquired that compared 

the characteristics of the axial turbine and the radial turbine, as well as crossover set-ups. 

The data mainly comprise results of the open crossover case covering a range of engine load and 

RPM points. However, for the closed crossover, it was only possible to acquire a single engine RPM 

and load point. Unfortunately, during engine testing with this set-up, there were signs of heavy 

exhaust smoke a short while after starting the test. The test had to be halted due to oil ingestion into 

the exhaust system from the turbocharger. The cause was identified as an ineffective seal in the 

bearing housing and not the turbine stage per se. While an improved seal was subsequently 

designed, it was not possible to continue at this stage. However, it was possible to conduct a 

comprehensive comparison from the data due to the extensive measurement set-up. 

6.4.2.4 Data Evaluation 

The analysis of the engine test results was divided into two parts: First, an overall assessment was 

conducted of the engine PV diagram, focusing on gas exchange performance. Second, a detailed 

study was conducted of the pressure measurements throughout the exhaust manifold and turbine 

stage. Overall engine performance data is not shown, primarily due to differences in engine 

operating conditions as stated above. 

Fig. 87 and fig. 88 show the PV diagram at a 900 RPM 80% load for cylinders 2 and 5. The data 

include both the reference radial turbine stage and the axial turbine stage with open crossover. The 

pressure traces show interesting characteristics of the two turbine types. The reference turbine stage 

results in marked pressure interaction between the cylinder groups. A local pressure rise is present 

at the end of the exhaust stroke. The axial turbine stage, on the other hand, shows no pressure 
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interaction whatsoever. The measurements verify the simulations with regards to the effect on the 

gas exchange process of the sector divided axial turbine stage previously shown in Paper 6. Notably, 

the separation is maintained, even with open crossover, effectively representing a “two-sector” 

design, a behavior that was observed in the CFD evaluations in Paper 6 and Paper 7. 

 

Fig. 89 and fig. 90 show the same assessment at a higher engine RPM. For a 50% load, similar 

behavior is encountered, although with a slight change in the overall shape of the pumping loop.   

 
Figure 87. PV diagram of cylinder 2, A branch, 900 RPM 80% load. From Paper 8. 

 
Figure 88. PV diagram of cylinder 5, B branch, 900 RPM 80% load. From Paper 8. 
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Figure 89. PV diagram of cylinder 2, A branch, 1,100 RPM 50% load. From Paper 8. 

 
Figure 90. PV diagram of cylinder 5, B branch, 1,100 RPM 50% load. From Paper 8. 

The measurement set-up of the axial turbine stage allows for detailed assessment of the pressure 

throughout the entire exhaust system. In fig. 91 and fig. 92, the complete “pressure chain” from 

exhaust port to turbine stage outlet has been plotted. The graphs consider measurements on 

cylinder 2 and further downstream, denoted A branch. Both open and closed crossover data have 

been acquired for 1,400 RPM and 30% load. The same measurements, but for cylinder 5, B branch, 

are shown in fig. 93 and fig. 94. 

What is evident from the measurements is the difference in peak exhaust pulse amplitude. 

Considering the exhaust port and turbine inlet, the closed crossover case indicates a substantially 

higher level than with open crossover. Also, the residual pressure of the latter arrangement is 



115 

 

pronounced. The closed crossover, resulting from full separation between cylinders, shows only one 

major peak. 

Further downstream, inside the turbine stage, the pressure fluctuations resulting from the exhaust 

pulses have been considerably dampened. At the rotor and diffuser outlet, almost no influence of the 

pulsating exhaust flow can be observed. 

The overall trend of higher pressure levels in the closed crossover set-up compared to the open 

crossover set-up has been observed in the CFD simulations of the Individual and Prototype exhaust 

manifold. Also, in Paper 7, there is evidence of the decay in pressure fluctuations from the exhaust 

port to the diffuser outlet. Although the exhaust manifold geometries in CFD and engine testing are 

not exactly the same or run at the same engine conditions, the connection arrangement is similar. 

Thus, as a minimum, the observed trends in testing can be captured by simulation tools. 

 
Figure 91. Pressure chain, A branch, closed crossover, 1,400 RPM 30% load. From Paper 8. 

 
Figure 92. Pressure chain, A branch, open crossover, 1,400 RPM 30% load. From Paper 8. 
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Figure 93. Pressure chain, B branch, closed crossover, 1,400 RPM 30% load. From Paper 8. 

 
Figure 94. Pressure chain, B branch, open crossover, 1,400 RPM 30% load. From Paper 8. 

To investigate further differences between open and closed crossover as well as between cylinders 2 

(A) and 5 (B), the measurement results were divided on a component basis. Fig. 95 shows the 

exhaust port pressure for all set-ups tested. Similar graphs for turbine inlet, stator outlet, rotor 

outlet and diffuser outlet have been plotted in fig. 96 through fig. 99.   

The design of the exhaust manifold resulted in a similar volume for each connected cylinder and 

comparable routing for both cylinder groups. Consequently, the measurements show a symmetric 

behavior for cylinder 2 and cylinder 5. The traces of pressure for exhaust port and turbine inlet 

follow each other closely. This indicates that the exhaust pressure pulse is maintained with minimal 

losses through the exhaust manifold. This result is not entirely surprising as the exhaust manifold is 
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made of smooth stainless steel pipe components and not of cast iron, which is normally used for 

production manifolds.  

Even with a closed crossover, the stator outlet pressure show only a minor dependence on the 

exhaust pulse of each cylinder. The resulting peak can be observed but the pressure fluctuations are 

influenced by all cylinders. For open crossover, there is an almost continuously varying pressure 

with only slight dependence on the specific cylinder that is firing.  

At the rotor and diffuser outlet, the pressure fluctuates in a similar way for both crossover 

configurations. Six distinct peaks corresponding to the exhaust pulses of all cylinders can be 

observed, but with low amplitude. 

 
Figure 95. Exhaust port pressure, A and B branch, open/closed crossover, 1,400 RPM 30% load. From 
Paper 8. 

 
Figure 96. Turbine inlet pressure, A and B branch, open/closed crossover, 1,400 RPM 30% load. From 
Paper 8. 
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Figure 97. Stator outlet pressure, A and B branch, open/closed crossover, 1,400 RPM 30% load. From Paper 
8. 

 
Figure 98. Rotor outlet pressure, A and B branch, open/closed crossover, 1,400 RPM 30% load. From Paper 
8. 
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Figure 99. Diffuser outlet pressure, A and B branch, open/closed crossover, 1,400 RPM 30% load. From 
Paper 8. 

With reference to the pressure measurements throughout the exhaust system and within the turbine 

stage, a few points are worth raising.  The first point is the measurement tap location, which only 

facilitates wall static measurements. Due to a varying flow area it could be difficult to compare the 

absolute levels from point to point as the static pressure will change as the flow is accelerated or 

diffused. Also, the taps have only been located on one side of each measurement section. They may 

be affected by gradients, especially if the flow is distorted, as it may be in the turbine stage inlet. 

Nevertheless, all measurements conducted inside the turbine stage and on the exhaust manifold 

were acquired using the same type of sensor and tap geometry. An identical set-up was used for 

both open and closed crossover configurations. Thus, the results should at least be of comparative 

nature with regards to trends. 

The measurements for the engine PV diagram have been made using a matching set-up for both the 

reference turbine stage and the axial turbine stage. The cylinder pressure sensors for the pressure 

traces were used in a manner typical of engine testing. They are not influenced by the 

aforementioned limitations. 

The key unknown of the sector divided axial turbine stage concept is the separation performance, a 

unique aspect of turbocharger turbine stages as there is no previous knowledge in the context of this 

concept. It was only possible to assess through extensive CFD simulations early on in the 

development of the turbine stage, see fig. 61. The subsequent 1D engine simulations show the 

significant influence of this parameter on the gas exchange performance, especially at low engine 

RPM and high load, the most relevant point for a heavy-duty engine. 

With the final hardware prototype and engine testing, the true answer to the separation 

characteristics of the turbine stage concept could be attained. Comparing fig. 62 and fig. 87, it can 

be found that the simulations and testing are in accordance with regards to the effect on the gas 

exchange process. No pressure interaction due to the favorable separation levels can be observed 

because of the turbine design. This aspect was highlighted in the initial stages of the prototype 

development as an enabler for the concept. The behavior is in sharp contrast to a typical twin scroll 

radial turbine stage, see fig. 87.  
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It is worth mentioning that the separation level of the axial turbine stage is not only confined to six 

separated inlets with individual exhaust manifold pipe routing. The separation is maintained for 

other sector concepts such as the “two-sector” arrangement, which was initially simulated and 

subsequently tested using an open crossover set-up. 

In conclusion, the data from engine testing show the unique characteristics of the sector divided 

axial turbine stage concept. The experimental test verifies the “perfect” separation and its effect on 

gas exchange performance. This is perhaps the single most important result of this entire thesis!  

The axial turbine stage can also be viewed as being one step removed from the traditional approach 

to turbocharger turbine stage design, a process which proceeds heuristically in the absolute 

majority of cases. The design considers a radial turbine stage typically matched for BSR 0.7 at full 

admission with little attention paid to single admission and separation performance. Thus, most 

turbocharger turbine stage geometries are relatively similar. Even though development and 

refinement has been ongoing, the current state-of-the-art turbine stage for pulse-turbocharged 

heavy-duty engines still employs radial turbine stages, namely, the twin scroll turbine stage, which 

can be found in many production engines today. 
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7 Summary and Conclusions 

The exhaust energy utilization process of the turbocharger turbine stage has been at the center of 

this thesis, a process which is directly related to engine performance through the implications it has 

on gas exchange performance. With an elaborate turbine stage design, the possibility of achieving 

high levels of engine efficiency can be realized by an efficient gas exchange process. In the context of 

global and local emissions, oil consumption, etc., improvements in all areas of technical 

development will be necessary in order to cope with these challenges. The internal combustion 

engine plays an important role in the struggle to address the issues both presently and in the future. 

The turbocharger, at the center of the gas exchange system, has the potential to make significant 

contributions to improving the performance of the internal combustion engine.    

In essence, this project centers around the effect of turbine design on engine performance. The 

engine is regarded as a system in which the turbine stage is only one part. The overall project 

objective could be defined as the search for “optimum” turbine designs for “optimum” engine 

system performance. With such a broad description and ambitious goal, the scope of this project 

must be clearly defined. Themes relevant to study were initiated with the help of a number of 

research questions that dictated the work. They were formulated based on the current state-of-the-

art level in turbocharger turbine stage development.  

In summary, the research questions focus on current turbocharger turbine stage designs, operating 

conditions in pulsating exhaust flow and new turbine stage designs in the context of engine system 

performance. The research questions were introduced on an overall level in Ch. Introduction and 

stated in Ch. Methods.      

A typical heavy-duty engine has acted as the platform for evaluating all the work conducted in this 

thesis, a type of engine that often incorporates pulse-turbocharging solutions, with particular 

attention paid to performance and the exhaust gas utilization process. This sets the starting point 

and baseline at a relevant level with regards to modern heavy-duty engines in the transportation 

industry.    

The first phase of this thesis aimed to understand the current state-of-the-art twin scroll radial 

turbine stage. Through numerical and experimental evaluation, the characteristics of this turbine 

stage could be defined and compared with previous studies. 

Further, the assessment of the radial turbine stage encouraged design variations for increased 

performance in the pulsating exhaust flow of pulse-turbocharged heavy-duty engines. The scope 

grew substantially, now including the entire exhaust system and engine in order to conduct a full 

system analysis. One primary aspect with regards to turbine stage operation was considered: the 

influence of the exhaust manifold volume. 

Due to its characteristics, the radial turbine stage proved difficult to redesign for high performance 

relevant to the pulsating exhaust flow. This observation led to the study of other turbine types, 

starting with the mixed flow turbine. The influence of inlet blade sweep could be beneficial from an 

energy utilization perspective due to enhanced efficiency. However, the turbine stage was still 

observed to be limited in the context of pulse-turbocharged engines. 

The turbine type that was finally considered was the axial turbine, typically used in large 

turbomachines. However, in the heavy-duty turbocharger application, the freedom of blade design 

was highlighted early on as being advantageous. Bespoke designs were developed for high 

performance in the pulsating exhaust flow. In comparison with a radial turbine stage, it was 

numerically observed that the designs substantially improve the gas exchange process and engine 

efficiency. 
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The development of the axial turbine stage continued to take into account both separation level and 

efficiency, two key aspects of the gas exchange process of engines with multiple inlet turbine stages. 

With both efficiency and separation performance in mind, the sector divided axial turbine stage 

concept was conceived. In comparison with a radial twin scroll turbine stage, a favorable separation 

level and high efficiency could be combined, resulting in increased engine efficiency. 

As a final step, the sector divided axial turbine stage concept was developed for testing. Previously, a 

significant effort in numerical simulation quantified the performance and operating conditions. The 

turbine stage shows advantages relevant to pulse-turbocharging as a result of the design. A 

prototype turbine stage was manufactured and tested on an actual engine. The findings from the 

simulations could be verified and resulted in a completely different gas exchange process at engine 

conditions compared to the radial twin scroll turbine stage.  

          

The main findings from all of these studies can be summarized as follows. 

• The radially fibered radial turbine stage, the most common type of turbine stage in heavy-

duty turbochargers, is limited with regards to performance in pulsating exhaust flow. 

Inherent constraints on design result in sub-optimal efficiency at high loading, which limits 

the potential of exhaust energy utilization. Most of the turbine work extracted has been 

shown to occur in a region below BSR 0.7 for a pulse-turbocharged engine concept.     

 

• The turbine stage design point must be considered in relation to the prevailing unsteady 

conditions of the internal combustion engine. The flow quantities and energy density of the 

exhaust pulse varies substantially with amplitude. Average values will not be representative 

of the relevant design point conditions for high performance. A systems-based crank angle-

resolved turbine stage analysis is essential in this respect.  

 

• The exhaust manifold significantly influences the pulsating nature of the exhaust flow.  

A compact exhaust manifold with low volume typical of pulse-turbocharged engines 

imposes a highly fluctuating exhaust flow. Turbine design point parameters and 

performance are more sensitive compared to an exhaust manifold with high volume, which 

is more similar to steady flow conditions.     

 

• To improve turbine efficiency at the relevant point for pulse-turbocharged engines, other 

types of turbine stages and bespoke designs are required. Altering the radial turbine stage to 

enhance the efficiency in pulsating flow is difficult. The mixed flow turbine can be regarded 

as an improvement but does not realize its full potential. 

 

• The axial turbine stage possesses advantageous characteristics in the context of 

turbochargers for pulse-turbocharged engines. The freedom in turbine stage design can 

alter the axial turbine stage efficiency towards high loading and high flow. The engine 

system will benefit from a high level of exhaust gas utilization to provide favorable pumping 

work and high engine efficiency. 

 

• Sector division of the axial turbine stage has been shown to be a way of increasing the 

separation level while maintaining turbine stage efficiency at a high level, a combination 

difficult to achieve with multiple inlet radial turbine stages such as the twin scroll type. 

 

• The engine gas exchange process benefits from the sector divided axial turbine stage 

characteristics, resulted in improved engine efficiency compared to a radial twin scroll 

turbine stage. A favorable separation level contributed to the most significant gain in engine 
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performance at low engine RPM compared to single admission efficiency.   

 

• It was observed that the separation level of the sector divided axial turbine stage concept 

has been sustained independent of more than two sectors. Through a comprehensive study 

of turbine stage admissions of a six-inlet design, the separation level was maintained for all 

examples of non-full admission.    

 

• Experimental evaluations have validated the simulations with regards to the sector divided 

axial turbine stage behavior at engine conditions. The turbine stage resulted in no pressure 

interaction between inlets, which is visible in the cylinder PV diagram of the gas exchange 

process. The effect stems from the unique separation characteristics of the turbine stage.     

 

The research questions outlined in Ch. Methods have guided the work conducted in this thesis 

through numerous studies. Taking into account the summarized findings stated above, answers can 

be found that constitute new knowledge added to the field of turbocharger turbine stage design. Key 

aspects have been raised with regards to the radial, mixed flow and axial turbine types in the 

context of exhaust energy utilization for pulse-turbocharged heavy-duty engines, each one with its 

special characteristics and limitations. Full engine system assessment have been carried out in all 

cases also considering upstream components such as the exhaust manifold. Through extensive 

evaluations in 1D engine simulations, turbine stage operation, performance and design conditions 

have been highlighted in relation to the exhaust pulse. 

The work conducted with regards to the axial turbine stage at the end of this project spurred the 

development of a complete prototype turbine stage of the sector divided concept. In this process, 

additional considerations were taken into account such as separation performance and efficiency. 

With the results from subsequent engine testing, the gas exchange process of the axial turbine 

stage could be compared to a radial twin scroll reference. Not only did the shape of the pumping 

loop agree with the simulations, the difference in character was clearly observed. With no pressure 

interaction, the axial turbine stage shows a clear potential that has been validated from the 

experiments. This is probably the most significant finding of this thesis.       

7.1 Further Work 

Compared to the common radial turbine stage, the axial turbine stage has shown advantages which 

are highly relevant to a pulse-turbocharged heavy-duty engine. Even though a prototype geometry 

was extensively simulated for different exhaust manifolds, inlet arrangements etc. and even tested 

in reality, the concept is still in its initial stages. There are many aspects that require further 

investigation in relation to the engine as a system. Optimization of the turbine stage, exhaust 

manifold and engine should be included in a possible continuation of this project. In addition, this 

work could also be extended by considering other types of turbocharger arrangements and 

incorporating serial and parallel systems. Multiple turbine stages could allow for more compact 

exhaust manifolds, less influence of separation, as well as new engine layouts with an even higher 

potential compared to a single stage turbine. 

7.2 Limitations 

The work in this thesis covers a systems-based approach to turbocharger turbine design, a 

requirement for evaluating the effect of turbine design on the gas exchange process and engine 

performance. With such a broad scope it is difficult to include all details and aspects of turbocharger 

development. Naturally, some areas need to be omitted in order for the research project to proceed. 
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In this project, the focus is set on performance and disregards aspects such as manufacturability, 

detailed mechanical design, vibrations, fatigue and cost. Also, it concerns turbocharging for heavy-

duty pulse-turbocharged 6-cylinder engines typical for vehicle propulsion. The operation is 

normally in the high load, low engine RPM region compared to other applications. Response and 

drivability requirements have not been considered.   

7.3 Uncertainties 

In relation to the work presented in this thesis, all of the results have not been able to verify. 

Although results from testing and simulations agree, there will be uncertainties related to the 

measurement set-up and numerical modelling. However, “best practice” has been followed for both 

measurements and simulations. The former relates to the choice of measurement equipment, 

acquisition, method etc. The latter concerns turbomachinery modelling, engine modelling, 

convergence criteria, discretization etc. 

Still, the results and conclusions stated in this chapter are based on observed phenomena both in 

simulations and testing. Even if the absolute levels of the results may suffer in accuracy, the physics 

will be correct and can be explained from observations.  
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8 Summary of Papers 

Several papers have been appended to this thesis. They contain the results of all the studies 

conducted within the project in a published format. In the following list, each paper is summarized 

very briefly and the work distribution among the authors is highlighted. 

 

Paper 1: Twin-scroll turbine performance evaluation from gas stand data, N. Anton, C. 

Fredriksson, P-I. Larsson, M. Genrup, A. Hultqvist 

 

Conference paper presented at the 21st Supercharging Conference in Dresden, Germany 2016  

The paper presents an extensive analysis of a twin scroll radial turbine stage. Gas stand 

measurements are used and included in a new tool for assessment on a 1D level. The tool allowed for 

a new level of analysis compared to previous studies. Overall and component-specific performance 

of the turbine stage can be studied in detail. One example highlighted is diffuser performance. The 

analysis is crucial to the turbine designer in order to improve performance even further. The tool 

allows for the characteristics of a typical radial turbine stage to be defined in the context of heavy-

duty pulse-turbocharged engines.  

 

All development of the 1D tool and analysis were carried out by N.A. The paper was written by N.A. 

under the supervision of C.F. and M.G.  

 

Paper 2: Exhaust Volume Dependency of Turbocharger Turbine Design Parameters 

For a Heavy-Duty Otto Cycle Engine, N. Anton, M. Genrup, C. Fredriksson, P-I. 

Larsson, A. Erlandsson-Christiansen 

 

Conference paper GT2017-63641 presented at the ASME Turbo Expo in Charlotte N.C., USA 2017 

The paper presents findings with regards to radial and mixed flow turbine stage design in the 

context of pulsating exhaust flow. Three bespoke designs were created from scratch and evaluated in 

engine simulations. A main governing parameter of the exhaust pulse shape, namely, the exhaust 

manifold volume, was included. A novel analysis method was presented with regards to the turbine 

stage work extracted in relation to turbine stage characteristics and exhaust pulse. The paper 

highlights the limitations of the radial turbine stage for pulse-turbocharged engines. Also, key 

differences between steady-state and pulsating flow turbine stage performance and design aspects 

were discussed.    

The turbine stage design process, simulations and analysis were conducted by N.A. The paper was 

written by N.A. under the supervision of C.F. and M.G. 

 

Paper 3: On the Choice of Turbine Type For a Twin-Turbine Heavy-Duty Turbocharger 

Concept,  N. Anton, M. Genrup, C. Fredriksson, P-I. Larsson, A. Christiansen-

Erlandsson 

 

Conference paper GT2018-75452 presented at the ASME Turbo Expo in Lillestrøm, Norway 2018 

The paper presents an investigation regarding the most feasible turbine type for a pulse-

turbocharged engine concept. It highlights the need for an axial turbine stage geometry based on 

extensive engine simulations. By evaluation of turbine stage parameters, crank angle-resolved, an 
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analysis could be conducted in relation to the exhaust pulse. The parameters were compared with 

common design values for optimum efficiency of radial and axial turbines. 

The simulations and analysis were conducted by N.A. The paper was written by N.A. under the 

supervision of C.F. and M.G.    

 

Paper 4: Axial Turbine Design For a Twin-Turbine Heavy-Duty Turbocharger Concept, 

N. Anton, M. Genrup, C. Fredriksson, P-I. Larsson, A. Christiansen-Erlandsson 

 

Conference paper GT2018-75453 presented at the ASME Turbo Expo in Lillestrøm, Norway 2018 

The paper is a continuation of Paper 3, designing a bespoke axial turbine stage. The true feasibility 

of the turbine type could only be assessed with a complete axial design. A fully defined 3D geometry 

was created from scratch and evaluated in engine simulations. A reference radial turbine stage was 

used for comparison. It was observed that the axial turbine stage resulted in improvements in gas 

exchange performance and engine efficiency. 

The design, analysis and simulations were conducted by N.A. The paper was written by N.A. under 

the supervision of C.F. and M.G.  

 

Paper 5: Twin-Scroll turbocharger turbine stage evaluation of experimental data and 

simulations, N. Anton, C. Fredriksson, P-I. Larsson, M. Genrup, A. Christiansen-

Erlandsson 

 

Conference paper presented at the 13th International Conference on Turbochargers and 

Turbocharging IMECHE in London, England 2018 

The results from the extensive study in Paper 1 were compared with an exact numerical model of 

the same gas stand set-up. Through CFD simulations, an evaluation of measurements and 

simulations could be conducted and highlighted the differences important to turbine stage 

performance. Through a detailed component-to-component analysis, it was observed that the CFD 

model considerably underestimated the losses in the turbine stage volute and mixing zone upstream 

the rotor. The results have implications for turbine stage assessment using CFD.  

The analysis and simulations were conducted by N.A. The paper was written by N.A. under the 

supervision of C.F. and M.G.  

 

Paper 6: The Sector Divided Single Stage Axial Turbine Concept: A Feasibility Study 

For Pulse-Turbocharging, N. Anton, C. Fredriksson, P-I. Larsson, M. Genrup, A. 

Christiansen-Erlandsson 

 

Conference paper presented at the 23rd Supercharging Conference in Dresden, Germany 2018 

This paper presents a novel sector divided axial turbine stage concept. It includes both the 

fundamental aspects of efficiency and separation performance relevant to single stage turbines for 

pulse-turbocharged engines. A fully bespoke axial turbine stage design was shown to improve the 

gas exchange process and engine efficiency in engine simulations. Compared to a reference radial 

twin scroll turbine stage, the turbine concept proved feasible. The paper highlights the aspects of 

separation and efficiency with regards to the exhaust process. Through extensive CFD simulations, 

the main unknown, the separation performance of the sector divided axial turbine stage, was 
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quantified. The axial turbine stage design allowed for “perfect” separation with no pressure 

interference between inlets. 

The design, analysis and simulations were conducted by N.A. Per Birkestad conducted the CFD 

simulations on behalf of N.A. The paper was written by N.A. under the supervision of C.F.   

 

Paper 7: The 6-inlet Single Stage Axial Turbine Concept for Pulse-Turbocharging: A 

Numerical Investigation, N. Anton and P. Birkestad 

 

Conference paper presented at the SAE World Congress in Detroit M.I., USA 2019 

The paper concerns further development of the sector divided axial turbine stage as presented in 

Paper 6. A new turbine stage inlet has been designed in order to study the effect on turbine stage 

admission using different exhaust manifold routings. Depending on the exact routing, the engine 

cylinders can be connected to the turbine stage sectors in different ways, which will alter the 

operating conditions. The study starts with quantification of turbine stage performance from 1/6 to 

full admission with steady-state boundary conditions in CFD. Further, fully time-dependent 

boundary conditions are imposed from 1D engine simulations. The entire turbine stage and exhaust 

manifold are included in the CFD model. The simulations quantify separation and efficiency as a 

function of admission. Also, they serve to characterize the “on-engine” turbine stage operation.    

The axial turbine design and boundary conditions were provided by N.A. P.B. conducted the CFD 

simulations. The paper was written by N.A. with input from P.B.  

 

 

Paper 8: The Sector Divided Single Stage Axial Turbine Concept: An Experimental 

Evaluation, N. Anton 

 

Conference paper to be presented at the 24th Supercharging Conference in Dresden, Germany 2019    

The sector divided axial turbine stage prototype is considered in this paper. Details of the hardware 

development and background are presented. Results from engine testing with regards to engine gas 

exchange process and turbine operation are shown. The main highlight of this paper is the 

experimental validation of the separation performance of the sector divided axial turbine stage at 

engine conditions. 

The substantial effort of assembly, instrumentation, test preparation, engine testing and data 

collection was conducted with the help of test engineer Christian Meinking. The support is greatly 

appreciated. N. A. carried out the analysis and wrote the paper. 
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