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Abstract 

Turbochargers are becoming an essential device in internal combustion engines as they boost the 

intake air with more pressure in order to increase the power output. These devices are normally 

designed for a single steady design point but the pulsating flow delivered from the internal 

combustion engine is everything but steady. The efficiency drop experienced in the off-design points 

by the fixed geometry turbochargers have made some research groups to look into new variable 

geometry solutions for turbocharging. 

A nozzle ring is a device which normally achieves a higher performance under design conditions, but 

the efficiency rapidly drops at off-design conditions. In this paper, a variable angle nozzle ring is 

designed and implemented in the model of a radial turbine of a turbocharger in order to study its 

potential when working under real internal combustion engine cycles. To understand the profit 

margin the turbine performance is compared with two turbines with the same impeller geometry: 

one without nozzle ring and one with a nozzle ring with a fixed angle. 

The results show that the maximum efficiency angle function calculated for the variable angle nozzle 

ring achieves an improvement in the total efficiency of 5 % when comparing with a turbine with a 

fixed angle and 18 % when comparing with a vaneless turbine. The improved guidance achieved due 

to the variable blade angle leads to less turbine losses and therefore more mechanical energy can be 

extracted from the exhaust mass flow throughout all the combustion cycle but a further study should 

be made in order to match all the engine operations points. Notably, taking the pulsating boundary 

conditions into consideration, a remarkable improvement is achieved already for the fixed angle 

nozzle ring.   
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1. Introduction 

1.1 Turbocharger 

The turbocharger is a forced induction device situated between the engine and the exterior used in 

internal combustion engines vehicles. A turbocharger use the high thermal energy from the exhaust 

stream gas (that usually is thrown away to the air) to increase the power output. 

The target of this device is increment the intake air pressure by using the exhaust gas energy. This 

pressure increment entail an intake air pressure increment, which results in a greater mass of air 

entering for the same cylinder volume. This induction allows a proportional increase in the fuel that 

can be burned and, therefore, the power output. This whole cycle is portrayed in Figure 1: 

 

Figure 1: Turbocharger Cycle 

As can be shown in Figure 1, usually a change air cooler is added to the cycle. The aim of this cooler is 

to decrease the intake air temperature in order to increment the air density even more. 

The basic turbocharger consists on a radial turbine with a coaxial shaft with it and a centrifugal 

compressor linked by a single common shaft as it is shown in Figure 2: 

 The turbine, situated between the exhaust manifold and the ambient, expands the exhaust 

gas by transforming the thermal energy in useful mechanical energy in a shaft according to 

the Euler equation. 

 The compressor, situated between the ambient and the intake gas manifold, is driven by this 

mechanic power and compresses the intake air before it enters into the intake manifold at 

increased pressure. 

 

Figure 2: Turbocharger Structure (Hultqvist, 2014) 

http://en.wikipedia.org/wiki/Inlet_manifold
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It should be always taken into account that “Although the principal objective of supercharging is to 

increase power output, not to improve efficiency, efficiency may benefit” (MS, Watson, & Janota, 

1982). This benefit can be analyzed from different perspectives: 

a) Engine downsizing: “During most of the operating conditions occurring on a vehicle driving cycle, a 

reciprocating IC engine works at low load and low speed, with poor fuel efficiency. In this regard 

downsizing appears as a major way of improving fuel consumption of Engines. In fact, downsized 

engines have smaller friction surfaces and can work on the same vehicle and on the same driving 

cycle with higher mean effective pressure and higher efficiency”. (Police, Diana, & Giglio, 2006) 

 

b) Operating point: If the engine size remains constant, the increase in the amount of burnt fuel in 

the combustion chamber leads into a higher power output. The increased power output is 

reflected as more torque available at the engine crankshaft (at a given rpm within the power 

band), than an identical engine which is naturally aspirated. With an increased output torque the 

turbocharger engine can be mated with gearbox with lower gear ratios. Therefore the engine can 

produce the same power by generating a higher torque with lower rpm. Lower rpm leads into a 

better operating point for the fuel consumption as it can be appreciated in the specific fuel 

consumption graphic plotted in Figure 3: 

 

Figure 3: Specific Fuel Consumption Map 

c) Volumetric efficiency: The total efficiency in an internal combustion engine is directly related to 

the product of these three efficiencies: (Casanova, 2013)  

𝜂𝑇 ≃ 𝜂𝑖 ∗ 𝜂𝑉 ∗ 𝜂𝑚 Equation 1 

 ηi: Indicated efficiency, which quantifies the amount of chemical power which is 

converted into mechanical power for a given diesel combustion cycle 

 ηV: Volumetric efficiency, which quantifies the amount of air actually inspired, with the 

theoretical amount if the engine only uses the atmospheric pressure. 

 ηm: Mechanic efficiency, which quantifies the mechanical losses in the crankshaft and the 

piston. 
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The increase of air density at the combustion chamber inlet increases the amount of air that can 

be introduced in the internal combustion engine and hence the volumetric efficiency. Following 

Equation 1, the increased volumetric efficiency leads into a total engine efficiency improvement. 

The aim of this paper is presents a performance improvement in the blade inlet angle turbine 

control. The turbine developed is the twin turbine of the turbocharger which works in a 6 cylinders 

truck engine. The kind of control system proposed will be explained in the section 2.1 System Control  

1.2 Active Control in Turbocharger 

According to Apostolos's research there are two main reasons to develop an active control in a 
turbocharger: “Firstly, the internal combustion engine and turbocharger turbine operating 
characteristics are relatively incompatible from an efficiency point of view. Secondly, the fluctuation 
of the exhaust flow quantity undergoes substantial fluctuations.” (Pesiridis, 2012). 
 
In order to achieve a higher performance in turbocharger, three kinds of inlet controls have been 

developed in the turbine inlet for years: 

- Passive flow control:  These systems require no auxiliary power and no control loop, involve 

any non- dynamic form of control or variable systems which do not manipulate severe 

periodic disturbances. 

- Active Flow Control: These systems attempt to control flow manipulating severe periodic 

disturbances such as high frequencies changes. 

- Reactive Control: A specific form of active control based on advanced form of closed loop 

control. 

As results of the target of achieve a better performance, several control systems have been 

developed: 

 Fixed geometry turbocharger (FGT) equipped with a waste-gate, which regulates de 

maximum boost pressure in the turbocharger system in order to protect the engine and the 

turbocharger. The valve regulates the turbine speed (and therefore the compressor speed) 

by diverting part of the exhaust gases away from the turbocharger when the engine is 

running at high load as in can be seen in the bottom of Figure 4: 

 

Figure 4: Waste-Gate in Turbocharger 
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 Variable Geometry Turbocharger is an idea dating several decades back.  One of the best 

improvements in this field was the electrically assisted turbocharger; an active control 

turbine inlet which can continuously adjusts the turbine inlet area. Following this line, several 

system are being developed: 

Turbochargers equipped with flow restrictors as the shown in Figure 5 (a: fully open position, 

b: maximum restricted position). This system was simulated and studied by Persidis and 

Martinez-Botas, showing a  “good potential as an exhaust energy recovery device achieving a 

maximum actual power gain of 7.51% and a minimum of 1.36%” (F.Martinez-Botas & Pesiris, 

2010). The same kind of control was lately studied by Persidis, whose research showed “an 

increase in energy recovered at different phase setting of between 2.5% and 7.5%” (Pesiridis, 

2012). 

 

Figure 5: Turbochargers Equipped with Inlet Flow Restrictors (Pesiridis, 2012) 

Separate flow channels located between the cylinder of the engine and individual nozzle 

segment of the turbine as the shown in Figure 6. This system is called MEDUSA and it was 

studied by Ilievski, Heindinger and Fuhrer in their research. The testing results compared to 

the fixed geometry show an efficiency improvement  in the MEDUSA system, a higher turbine 

expansion ratio and therefore a higher power output can be achieved (Ilievski, Heidinger, 

Fuhrer, Schatz, & M. Vogt, 2015) 

 

Figure 6: Turbocharger MEDUSA System (Ilievski, Heidinger, Fuhrer, Schatz, & M. Vogt, 2015) 
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 Nozzle ring blades control: These variable geometries introduce changes in the nozzle blades 

in order to improve the exhaust guidance. The main examples are: 

Rotating Nozzle Ring: This system was studied by Cao, M.Yang and Martinez-Botas in their 

research and it is based on the fact that “with the presence of a rotating nozzle ring the 

variation of the unsteady exhaust flow magnitude can be converted into the variation of the 

exhaust flow angle”. The results shown that the efficiency can be improved by reducing the 

suboptimal incidence angle. (Cao, Yang, & Martinez-Botas, 2015)  

 

Figure 7: Rotating Nozzle Ring (Cao, Yang, & Martinez-Botas, 2015) 

Variable angle Stator: the system proposed in this paper. Both his description and 

development are explained in the next section. 

1.3 Historical Discussion 

In this text, a variable stagger angle system at the stator inlet will be designed as it will be explained 
at 2. Objectives point. The requirement of guide vanes in the system control proposed raises a 
question as M.H. Padzillah already said, “There has been a long standing disagreement between 
researchers about the effectiveness of having vanes for better flow guidance towards the rotor 
leading edge”. (Padzillah, Yang, Zhuge, & Martinez-Botas, 2014). 
 
For Baines and Lavy a vaned stator gives higher peak efficiency at certain operating conditions, but 
this efficiency drops rapidly in other point compared with a vaneless  (Baines & Lavy, 1990) and this 
seems to be the most shared opinion for most researchers;  In the same line, Spence research hold 
that vaned volute wouldn’t  be able to achieve a consistently higher peak efficiency at all operating 
points as vaneless could (Spence, Rosborough,, Artt, & McCullogh). 
 
To Padzillah’s mind, for radial turbines the main function of the vanes consist on remove the 
circumferential non-uniformities of the flow, which is already swirled by the volute and assist in the 
flow turning into the rotor, especially at off-design conditions. 
 
In his research Padzillah compared the guidance angle of a vaned and vaneless volute in steady and 

under internal combustion engine exhaust conditions, both in the increment and decrement 

pressure cycle. His results showed that, although the average flow angle was quite similar for both 

cases, a much more uniform distribution throughout the entire volute circumference in the flow was 

achieved in the vaned turbine, above all just after the vanes row, i.e. the rotor inlet. With this vanes 
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row, even the reverse flow in the tongue region of the volute described in 5.3 Volute can be reduced.  

(Padzillah, Yang, Zhuge, & Martinez-Botas, 2014). 

As most researchers agree with the fact that vaned volutes can achieve higher peak efficiency at 

design operating point, the aim searched in this thesis is justified, as the variable angle vanes will 

accommodates higher performance at off-design operation conditions compared to vaneless volute.  
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2. Objectives 

The concept of turbocharging is based on the exhaust energy loss of around 35% of the chemical 

energy introduced in the engine. Generally “the proportion recovered out of this 35% of energy lost 

during one cycle of combustion in an engine in a typical efficient turbocharger of today does not 

exceed 40%”. This value is obtained as a result of the trade-off between the lowest and the highest 

efficiency values throughout all the engine cycle (close and far from the design point) (Pesiridis, 

2012). 

The target of the system control proposed at this paper is to maintain the turbocharger performance 

always in a high value by changing the blade angle throughout the entire combustion cycle.  

2.1 System Control Objective 

The target of the volute vanes row is to attenuate the circumferential non uniformity in the flow, and 

to assist the flow tuning into the rotor in the off-design conditions. 

The system control proposed in this paper would use variable stagger angle stator at the inlet in 

order to provide enhanced flow guidance to the impeller and decrease the incidence losses 

originated by the variations in pressure, temperature and mass flow which force the turbine to work 

in an off-design point. 

The target of the paper is not only provide appropriated vanes angle for the whole engine 

combustion cycle, but also provide effective designs for the volute, impeller and diffuser. 

The last important point is the comparison between the new turbine design and the one reference 

turbine without adjustable inlet guide vanes to contrast the performance differences and potential of 

vaned systems. 

2.2 Limitations to This Study 

The variable nozzle ring to design would be implemented upstream of the impeller. The extreme 

conditions achieved in the device lead into power losses which will reduce the profit margin and 

introduce system impairments that are not considered further in this study. At this point these 

system impairments are stated. 

Required Power: The mechanical device which should change the nozzle blade angle will require an 

amount of power for both the mechanical and the computational response (the exhaust gas energy 

should be measured all the time and a response should be calculated). This required power 

decreases the power margin that he device may achieve. 

Fast response: A mechanical device should meet the required maximum efficiency angle on time. As 

it will be explained, the mechanical device should be able to change the blade angle in several 

milliseconds. 

Extreme conditions: The mechanism should be able to endure the exhaust gas conditions without 

deterioration. These conditions mean not only high temperatures and pressures, but also high 
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temperature and pressure variations throughout the entire cycle. These fluctuations lead into 

mechanical thermal stresses that the blades should endure. 

Vibrations: As it was said above, the mechanism should meet the required angle on time, but this 

achievement should be made with minimum vibrations. The more vibrations will lead in a worse 

guidance and therefore more incidence losses. Note that the extreme conditions and its fluctuations 

mentioned above can also lead to small variations that the device should avoid. 

Unsteady Conditions: Throughout this paper the calculations are made under the assumption of 

steady conditions assuming that the fluid has time enough to adapt a particular angle change, but 

the unsteady conditions should also be studied as they may be a considerable source of loss creation. 

Operation Point:  In this work only one engine operation point is analyzed. In order to implement the 

device in real internal combustion engines, the blade angle should cover all the range of angles that 

the turbine requires to achieve the best efficiency.   
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3. Methodology 

3.1 Followed Strategy 

The methodology followed in the whole thesis is exposed below. The steps to achieve are: 

1. Literature study 

1.1 A literature review should be performed in order to better appreciate the fluid mechanics 

followed throughout the entire turbine. 

 

2. Turbine Predesign (average conditions) 

2.1 Analyze the given variable parameters for the reference engine in order to understand 

the entire engine cycle. 

2.2 Model the exhaust gas with the appropriated thermodynamics parameters. 

2.3 Model the exhaust gas conditions with constant values. 

2.3 Design the turbine without nozzle for those conditions in a meanline code. 

2.4 Analyze the behavior (performance, power output, velocity diagrams) of this turbine. 

 

3. Turbine Final Design (off-design conditions) 

3.1 Identify a periodic behavior in the mass flow rate and choose one representative cycle for 

off-design study. 

3.2 Select several symmetrical and relevant points in that cycle. 

3.3 Calculate those off-design proprieties (temperature, pressure, density …etc.). 

3.4 With the off-design properties knowledge, design the nozzle ring device. 

3.5 Design the final geometry for the turbine with nozzle ring. 

3.6 Design the final geometry for the turbine without nozzle ring. 

3.7 Analyze both turbine performances under average conditions. 

 

4. Best efficiency angle function design  

4.1 Calculate the best blade angles for each off design point calculated above. 

4.2 With those values, create a function dependent on time, in order to complete the whole 

cycle. 

4.3 Calculate an angle value for the entire cycle for a fixed nozzle ring. 

 

5. Analysis 

5.1 Analysis of the behavior and performance of the turbine with a fixed nozzle ring and the 

turbine without nozzle ring under average conditions. 

5.2 Compare the performance of the best efficiency angle function when comparing with a 

fixed nozzle angle and a vaneless turbine throughout the entire combustion cycle. 

5.3 Deeper study of the variable and the fixed nozzle ring throughout the entire combustion 

cycle 

5.4 Study the economic impact of the variable nozzle ring under engine conditions. 

3.2 Required Programs 

Throughout all this paper several programs are used. The required programs are described below: 
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3.2.1 RITAL® Software 

The software used throughout this paper is RITAL® version 7.9.30. This software provides one-

dimensional processing for predicting the performance of radial and mixed-inflow turbine stages. 

Based on past design and test experience, RITAL® utilizes flow models, which allow the program to 

handle inlet volutes, nozzle rings, rotors and exhaust diffusers. All of these devices can be switched in 

or out as the user find necessary, an advantage that will be used in this paper as the predesign will be 

made without nozzle ring but it will be incorporated later. 

The major functions that RITAL® can be used for are: 

 Design generation of new components of arbitrary size and shape. 

 Analysis of existing components with a known physical description. 

 Evaluation of any level of test data. 

These three main functions will be used for the turbine predesign (6.4 Predesign Geometry point), its 

performance analysis (6.5 Result Analysis point), the final geometry design (8.2 Final Design 

Geometry point), its performance analysis (8.3 Result Analysis under Average Conditions point), the 

angle design (9.1 Maximum Efficiency Angle Function point) and the final comparison study (9.2 

Comparison Study throughout the Cycle point). 

The flow model behavior used in RITAL® follows correlations of researchers like: David Japikse, 

Nicholas C.Baines, Hany Moustapha or Mark F. Zelesky. 

 3.2.2 ESS ® Software 

Engineering Equation Solver (EES) is a non-linear equations solver software package which works 

with many specialized functions and equations for the solution of thermodynamics and heat transfer 

problems. In this paper it will only be used for its capability of storing thermodynamic properties for 

several gases (as our exhaust gas modeled as air), which eliminates iterative problem solving by hand 

through the use of code that calls properties at the specified thermodynamic properties. 

Using several input parameters, RITAL® Software can provides the required valued, by a call in the 

code. This function will be used at the exhaust gas modeling (6.1 Exhaust Gas Model point), the 

calculation of average conditions (6.2 Exhaust Gas Design Point point) and the off-design point 

properties calculation (7. Off-Design Points point). 

3.2.3 MATLAB ® Software 

MATLAB® is a numerical environment software which allows matrix and functions manipulations, 

plotting of functions and data, implementation of algorithms or creation of user interfaces. Other 

additional packages can be implemented in MATLAB® as Simulink, Simscape, MuPAD and Third-party. 

At this paper, turbine reference values regarding inlet and outlet pressure, temperature and mass 

flow are provided in MATLAB® environment. Therefore the program will be used at the exhaust gas 

modeling (6.1 Exhaust Gas Model point), the calculation of average conditions (6.2 Exhaust Gas 

Design Point point) and the off-design point properties calculation (7. Off-Design Points point).   

https://en.wikipedia.org/wiki/Numerical_analysis
https://en.wikipedia.org/wiki/Matrix_(mathematics)
https://en.wikipedia.org/wiki/Function_(mathematics)
https://en.wikipedia.org/wiki/Algorithm
https://en.wikipedia.org/wiki/User_interface
https://en.wikipedia.org/wiki/Simulink
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4. Theoretical Basis 

4.1 Basic thermodynamics  

Known as one of the most fundamental and valuable principles in fluid mechanics, the Momentum 

Equation (Newton’s Second Law of Motion) relates that “the sum of the external forces acting on a  

fluid element to its acceleration, or to change of momentum in the direction of the resultant external 

force” (Dixon, 1998).  

If now we apply this law to the moment forces, we obtain that considering a system of mass m, the 

vector sum of moments of all external forces acting on the system about some arbitrary axis A-A 

fixed in the space τA, is equal to the time rate of change of angular momentum of the system about 

that axis.  

𝜏𝐴 = 
𝑑

𝑑𝑡
(𝑟𝑐𝜃) Equation 2 

This angular momentum can be represented by the distance of the mass center from the axis 

rotation measured along the normal to the axis and multiplied by the cθ, the tangential velocity 

component (the component mutually perpendicular to both the axis and the radius vector). 

Focusing on our radial turbine study, if considering a control volume which encloses the rotor and 

now applying the equation mentioned before, the sum of moments has the shape shown in Equation 

3: (Dixon, 1998). 

𝜏𝐴 =  ṁ(𝑟1𝑐𝜃1 − 𝑟2𝑐𝜃2) Equation 3 

Where r1 and r2 are the radius which swirling fluid enters and leaves with, and Cθ1 and Cθ2 are the 

tangential velocity. 

Considering now that our turbine is running at a given angular speed and knowing that the blade 

speed U has the shape U = r*Ω the work done by the fluid on the turbine rotor is declared as: 

𝑊 = 𝜏𝐴 ∗  Ω =  ṁ(𝑈1𝑐𝜃1 − 𝑈2𝑐𝜃2)  > 0 Equation 4 

This power can also be written as the specific power, i.e. the work done for the fluid per unit mass, 

thereby obtaining the Euler’s turbine equation as: (Dixon, 1998) 

w =
𝑊

𝑚
= 𝑈1𝑐𝜃1 − 𝑈2𝑐𝜃2  > 0 Equation 5 

4.2 Important parameters 

In this section new parameters which will be useful in the understanding of the radial turbine 

behavior are introduced: 

 Rothalpy: a thermodynamic parameter which keeps a constant value in the expansion process at 

the impeller. It can be defined as:  
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I = h +
1

2
𝑐2 − 𝑈𝑐𝜃1 Equation 6 

 Height (H): defined as the height of a column of the liquid which can be supported by the static 

pressure H = p / ρg 

 Pressure: according to fluid mechanic, the flow fluid pressure can be divided into: 

- Static pressure (p): pressure of the fluid particle neglecting the kinetic effect. 

- Dynamic Pressure: Pressure which results from the fluid motion (kinetic effect). 

- Total pressure (p0): it is the sum of the dynamic and the static pressure, also known as the 

stagnation pressure. 

 Energy: in fluid mechanic the energy can also be divided into: 

- Static Enthalpy (h):  h = u + p* ν 

- Kinetic Energy (k): energy contended in the fluid speed     𝐾 = 
1

2
𝑐2 

- Stagnation total enthalpy (h0): relation between static and total enthalpy ℎ0 = ℎ +
1

2
𝑐2 

4.3 Fluid Velocity Diagram 

In turbomachines, the absolute value of the speed is not the only important parameter to take into 

account, but also the angles which determine the flow direction. In Figure 8 the velocity diagram 

which a fluid flow can experience in any kind of turbomachine is shown: 

 

Figure 8: Fluid Flow Velocity Diagram (Pesiridis, 2012) 

 C: Total Fluid Velocity [m/s]. 

 Cθ: Tangential Velocity Component [m/s]. 

 Cm: Meridional Velocity Component [m/s] can also be called radial component or axial 

component depending on the velocity orientation with the turbine. 

 w : Relative velocity [m/s] 

 U: Blade speed = r*Ω [m/s] 

 α: Absolute flow angle [rad] 

 β: Relative flow angle [rad] 

 i: Incidence Flow Angle = β - βB [rad] 

 βB: Blade Angle [rad] 
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5. Turbines 

5.1 Radial Turbine 

Turbine is a rotary mechanical device which converts the energy from a fluid flow into useful 

mechanical work in a shaft. The main sorting that can be made in turbines is the axial and radial 

turbine. The aim of this paper is the study of a turbocharger so the study will be focused on the radial 

turbine. 

Radial flow gas turbines can be classified into outflow and inflow turbines: 

 The radial outflow turbine, also call Ljungström turbine, characterized by having a high efficiency 

but being expensive and complicated to construct. It consists of two counter-rotating rotors 

without stator between the rotor blades, as it shown in Figure 9. (W.Peng, 2008)  

 

Figure 9: Radial Outflow Turbine (W.Peng, 2008) 

 The inward flow radial (IFR) turbine covers a wide range of power, rotational speeds, and even 

mass flow. A deeper classification can be made in IFR, finding the Cantilever turbine (Figure 10), 

and the 90 degree IFR turbine (Figure 11), which because of his higher structural strength 

compared with the cantilever turbine is the preferred type (Dixon, 1998) 

 

Figure 10: Cantilever Turbine (Dixon, 1998) 

 

Figure 11: Ninety Grades Degree Turbine 

5.2 Ninety Degree Inward Flow Radial  

The turbine to be designed and developed in this project is a 90 grades degree inward flow radial 

turbine for an internal combustion engine turbocharger. This kind of turbine is the ideal one for the 

engine turbocharger due to the following reasons: 
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 It can cover a wide range of power, rotational speed and mass flow, making it ideal to work 

with the constantly variable stream of the exhaust engine. 

 It can handle low mass flows more efficiently than the axial flow machine, which allows the 

turbocharger working more efficiently at off-design points. 

 For turbine applications where compactness is more important than low fuel consumption, 

the 90 grades radial machine has an advantage, cause “Although for all but the lowest 

powers the axial flow turbine is normally the more efficient, when mounted back to back with 

a centrifugal compressor the radial turbine offers the benefit of a very short and rigid rotor”. 

(Saravanamutto, Rogers, & Cohen, 2001) 

The common ninety degrees Radial turbine consists on: 

 Inward flow volute: Casing that receives the fluid and converts the engine exhaust gas energy 

into kinetic energy. 

 Nozzle ring: Row of fixed guide vanes in order to achieve a better flow guidance into the 

turbine blades. 

 Impeller: The rotating device which transfer the energy from the fluid to the turbine and, 

therefore, the compressor. It consists on row of moving blades. 

 Exhaust diffuser: in order to recover part of the exit kinetic energy and thereby increase the 

total pressure ratio of the turbine. 

The structure can be shown in Figure 12. The references points used in this figure will be used 

through the entire study: 

 

Figure 12: 90 Grades Radial Turbine Structure 

 5.2.1 Velocity Diagram  

According to the references shown in Figure 12, the real velocity configuration at inlet and outlet of 

the impeller would be the proposal in Figure 13, where the extreme of the impeller can be seen both 

in the inlet and outlet: 
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Figure 13: Velocity Diagram Inlet and Outlet (Pesiridis, 2012) 

 5.2.2 Specific Power in Turbine 

Now the equation for the 90 grades Radial Turbine is derived. Looking at Equation 5 and taking into 

account both that energy conversion (fluid to mechanic) is made in the impeller, and the numerical 

references used in Figure 12, the final equation for the 90 grades Radial Turbine will be: 

Ẇ = w ∗ ṁ = ṁ (𝑈2𝑐𝜃2 − 𝑈3𝑐𝜃3)  > 0   Equation 7 

 5.2.3 Nominal design 

According to Equation 7 the radial turbine power output depend on the velocity configuration. 

Following this equation, the two main steps that should be done in order to improve the 

performance for a constant mass flow rate are: 

 Increase the blade speed difference U2 – U3 =  Ω (r2 – r3) 

 Increase the tangential  speed component 𝑐𝜃2 

 Decrease the tangential  speed component 𝑐𝜃3 

As the rotational velocity (Ω) is constant, the blade speed difference can only be achieved by 

increasing the radius difference, which involves a bigger turbocharger. Therefore the best option will 

be the two later options, which means the inlet relative velocity (w2) should be radially inward, i.e. 

zero incidence flow, and the absolute flow at rotor exit (c3) is axial, i.e. the outlet tangential 

component velocity is zero (Dixon, 1998). This configuration is called the nominal design condition 

and it is shown in Figure 14: 

 

Figure 14: Velocity Diagram in Radial Turbine (Saravanamutto, Rogers, & Cohen, 2001) 
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This nominal design condition involves:  

 The inlet relative velocity (w2) is equal to the meridional (cm2) or radial inlet component (cr2) 

𝑤2 = 𝑐𝑚2 = 𝑐𝑟2  Equation 8 

 The tangential component  (cθ3) is null 

𝑐θ3 = 0 Equation 9 

The equations developed above (Equation 8 and Equation 9) allow writing the simplified equation for 

the radial turbine power output when following the nominal design:  

Ẇ∗  = ṁ𝑈2𝑐𝜃2  > 0 Equation 10 

5.3 Volute 

The volute is the circumferential inlet casing with a curved funnel which decreases the area as it 

approaches the impeller inlet. The target of the volute is to convert the engine exhaust gas energy 

into kinetic energy and direct the gas towards the rotor with the appropriated angle. The last region 

of the casing is called volute tongue region, a place where the highest unsteady fluid flow interaction 

is located. All the parts of the volute can be appreciated in Figure 15: 

 

Figure 15: Schematic of a Radial Turbine Volute (Brennen, 1994) 

Volutes can be accompanied by vanes, which allow a better flow guidance and turbine inlet flow 

angle at design conditions, but it is generally worse at off-design conditions compared with a vane-

less impeller, according to literature. 

This energy conversion is not irreversible and always comes with pressure losses which must be 

taken into account when calculating the power output: 

I. Friction losses:  

Loss that it is produced in the boundary layer by the interaction between the fluid and the 

volute walls. The higher surface area (wet area) in the volute, the higher the friction loss is. 

II. Reverse flow:  
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In his research, Lymberopoulus studied the flow behavior through the volute and he realized 

that in the region close to the tongue, the flow had significant variations due to flow 

recirculation, that leaded to an increase in the mixing loses due to unsteady flow. 

(Lymberopoulos, Baines, & Watson, 1988) 

 

Figure 16: Velocity vector of the flow field at near tongue region of a vaneless volute (Padzillah, Yang, Zhuge, & Martinez-
Botas, 2014) 

The behavior of reversed flow was lately studied by Padizah, who concluded that the angle variations 

in the tongue regions were strongly dependent on the vanes of the volute. Simulations with both 

steady and unsteady flow, and in both increment and decrement pressure periods were realized. The 

results showed a different behavior in the tongue region, as can be shown in Figure 17 and Figure 18: 

(Padzillah, Yang, Zhuge, & Martinez-Botas, 2014) 

- Vaned volutes suffer a flow recirculation which leads to a sudden growth in flow  angle 

close to the tongue, becoming in an almost tangential flow 

- Vaneless volutes, on the other hand, experience a high flow angle drop, due to back 

pressure and a reverse flow is even higher. 

 

Figure 17: Absolute flow angle at the volute exit during steady condition (Padzillah, Yang, Zhuge, & Martinez-Botas, 2014) 
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a) b) 

  

Figure 18: Absolute flow angle at the volute exit during pressure a) increment and b) decrement period (Padzillah, Yang, Zhuge, & 
Martinez-Botas, 2014) 

 
Regardless of the volute structure, this research shows the existence of a relatively large gap 

between the volute exit and the rotor inlet. This gap leads to a reverse flow and therefore pressure 

losses in the volute that should be considered. 

5.4 Diffuser 

The diffuser is a device widely used in in turbomachinery whose target is to reduce the flow velocity 

in order to increase the fluid pressure. The fluid behavior within the turbocharger is quite 

complicated and, in spite of the effort made by researchers over time, there are still some aspects 

regarding the flow process that are not fully understood.  Although several points regarding to its 

behavior are not completely clear, nowadays almost all flow systems incorporate a turbo diffuser. 

Geometrically, the diffuser is quite simple. It is basically a channel diverging in the direction of flow as 

it is shown in Figure 9: 

 

Figure 19: Diffuser Scheme (Dixon, 1998) 

Focusing in an ideal case without pressure losses, as the work made by the diffuser is equal to zero, 

and following the nomenclature chosen in Figure 12, the equation which governs the diffuser is: 
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w∗ = ℎ04 − ℎ03 = 0  ⇔    

ℎ04 = ℎ03  ⇔ ℎ4 − ℎ3 =
1
2⁄ (𝑐3

2 − 𝑐4
2) Equation 11 

The thermodynamic diffusion process experienced by the fluid through the diffuser in an ideal case 

can be represented in Figure 20:  

 

Figure 20: Mollier Diagram for the Flow Process through a Nozzle (Dixon, 1998) 

For real diffusion process, two losses regarding to the fluid behavior must be taken into account: 

- A too rapid diffusion can lead to boundary layer separation from the diffuser walls, and 

therefore losses in stagnation pressure. 

- A too slow diffusion, on the other hand, entails that the fluid is exposed to an excessive 

contact with the diffuser walls, which results in increased friction losses. 

The point where both losses are minimized has been studied and many sources are agreement 

concerning the angle to achieve minimum losses is 2θ = 7 degrees (Weisel, 1963) (see Figure 19). 

5.5 Thermodynamic Fluid Process in a 90 degrees Radial Turbine 

At this point, the complete thermodynamic turbine expansion process (diffuser included) throughout 

all the turbine devices and following a nominal design will be deduced.  All the below equations will 

follow the numerical subscripts chosen in Figure 12.  

This point is the main part of the literature review as all the optimization design will be based on the 

equations deduced below. The entire fluid expansion throughout the turbine can be followed in 

Figure 21: 

I. Volute 

As the target of the volute is to convert the engine exhaust gas energy into kinetic energy, the 

volute influence in the h-s turbine diagram (between points 0 and 1) it is not appreciated in 

Figure 21. The turbine diagram is it explained just between points 1 and 4. 
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II. Nozzle ring 

The equation which governs the thermodynamic process in the nozzle ring can be easily deduced 

as the work extracted from the nozzle ring is equal to zero: 

w∗ = ℎ01 − ℎ02 = 0  ⇔    

ℎ01 = ℎ02  ⇔ ℎ1 − ℎ2 =
1
2⁄ (𝑐2

2 − 𝑐1
2) Equation 12 

III. Impeller  

The thermodynamic expansion through the impeller will be defined as an adiabatic irreversible 

process. In a flow process, this assertion is equal to the assumption of a constant rothalpy. 

Therefore the characteristic equations in the impeller expansion are: 

I = Constant ⇔   𝐼2 = 𝐼3  ⇔    

ℎ02 −
1
2⁄ 𝑈2

2 = ℎ03 −
1
2⁄ 𝑈3

2 ⇔   

ℎ2 −
1
2⁄ 𝑊2

2 − 1
2⁄ 𝑈2

2 = ℎ3 +
1
2⁄ 𝑊3

2 − 1
2⁄ 𝑈3

2 ⇔  

ℎ2 − ℎ3 =
1
2⁄ ⦋(𝑈2

2 − 𝑈3
2) − (𝑊2

2 −𝑊3
2)⦌ Equation 13 

As c3 is assumed axial  𝑊3
2 = 𝐶3

2 + 𝑈3
2  so:  

ℎ03 = ℎ2 +
1
2⁄ 𝑊2

2 − 1
2⁄ 𝑈2

2 Equation 14 

 

Following Equation 13, another expression for the specific work done by the fluid in the rotor 

and therefore for the turbine can be found: 

w∗ =
W∗

m
= h02 − h03 =

1

2
[(U2

2 − U3
2) − (w2

2 −w3
2) − (c2

2 − c3
2)] > 0   Equation 15 

IV. Diffuser 

As it has already been explained at 5.4 Diffuser point, the valid equation through all the diffuser 

will be: 

w∗ = ℎ04 − ℎ03 = 0  ⇔    

ℎ04 = ℎ03  ⇔ ℎ4 − ℎ3 =
1
2⁄ (𝑐3

2 − 𝑐4
2) Equation 16 

 



   

21 
Enrique Carrasco Mora 

Variable Stator Nozzle Angle Control in a Turbocharger Inlet 

 

Figure 21: Mollier Diagram for a 90 deg inward flow radial turbine and diffuser with nominal conditions (Dixon, 1998)  
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6. Predesign 

At this point, the geometry which achieves the best performance for the average exhaust gas 

conditions is calculated. This geometry it is considered just as a predesign, the final design will match 

the best performance for the whole cycle, not only the average conditions. 

By using the exhaust gas values provided for the reference turbine, the next steps will be taken in 

order to calculate the most appropriated geometry: model the exhaust gas, calculate the average 

conditions, calculate the non-dimensional turbine values and calculate the geometry. 

6.1 Exhaust Gas Model  

The first step for the pre-design is set up a model for the exhaust gas the turbine is working with. This 

will be used throughout all the research (both for turbine predesign and final turbine design) and 

should contain both constant properties and temperature and pressure dependent properties. 

Therefore, the internal combustion engine exhaust gas is now studied. 

The exhaust gas which arrives to the reference turbine in this study is the result of combustion 

between air and diesel fuel which take place in the combustion chamber:  

𝐶𝑥𝐻𝑦 + 𝑂2 (+𝑁2) → 𝐶𝑂2 + 𝐻2𝑂 + 𝑁2 

As result of the above simplified but main reaction, the largest part of the product gas will be 

Nitrogen N2, steam H20, and carbon dioxide CO2. Beside these non-toxic gases, a small percentage of 

unsafe gases are also found in the product gases. These undesirable gases are mainly composed by: 

hydrocarbons (CxHy), nitrogen oxides (NO and NO2), volatile organic compounds, ozone O3, carbon 

monoxide (CO) and particle matter as soot. 

In this paper, an assumption of ideal gas is made. Coming up next the main fluid properties are 

calculated in order to build the fluid model. Note that several properties as Heat Capacity ratio will 

be assumed as constant throughout all the fluid expansion, but other properties that depend on 

temperature and/or pressure will be calculated just at the turbine inlet. 

6.1.1 Specific Heat Capacity at Constant Pressure 

For the energy balance presented in 6.2.2 Exhaust Gas Temperature point, a specific heat capacity at 

constant pressure (cp) will be required. As the working gas has been considered as an ideal gas, this 

specific heat will only be dependent on temperature and not dependent on temperature and 

pressure as the normal gases. 

Compared to the air composition, the diesel exhaust gas contains increased concentrations of steam  

(H2O) and carbon dioxide (CO2) and therefore the oxygen compositions is displaced from 21% in 

ambient air to 17% in the exhaust gas, but despite these new gases, the thermodynamics proprieties 

of exhaust gas and air can be very similar. 

As the error in the calculation of the thermodynamics properties associated with neglecting the 

combustion products is usually no more than 2%, the proprieties of air shown in Table 1 (Perry, 1984) 

http://en.wikipedia.org/wiki/Hydrocarbon
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can be used for our exhaust gas calculations. For a more accurate approach, corrections must be 

taken to account but for this predesign study the assumption is adequate. 

T (°K) ρ (kg/m3) h (kJ/kgK) s (kJ/kgK) cp (kJ/kgK) µ*10
-4

 Pa*s k (W/mk) 

260 1.340 260.0 6.727 1.006 0.165 0.0231 

280 1.245 280.2 6.802 1.006 0.175 0.0247 

300 1.161 300.3 6.871 1.007 0.185 0.0263 

350 0.995 350.7 7.026 1.009 0.208 0.0301 

400 0.871 401.2 7.161 1.014 0.230 0.0336 

450 0.774 452.1 7.282 1.021 0.251 0.0371 

500 0.696 503.4 7.389 1.030 0.270 0.0404 

600 0.580 607.5 7.579 1.051 0.306 0.0466 

800 0.435 822.5 7.888 1.099 0.370 0.0577 

1000 0.348 1046.8 8.138 1.141 0.424 0.0681 

1200 0.290 1278 8.349 1.175 0.473 0.0783 

1400 0.249 1515 8.531 1.207 0.527 0.0927 

Table 1: Exhaust Gas Properties at p = 101.13 kPa (Perry, 1984) 

T temperature; ρ density; h specific enthalpy; s specific entropy; cp specific heat at constant pressure; 

µ dynamical viscosity; k thermal conductivity 

Table 1 properties are referred at a constant pressure (p =101.13 kPa) that is not even in the 

pressure range of both manifolds, but as the exhaust gas has been considered as an ideal gas, the 

specific heat  capacity at constant pressure is not dependent on pressure, but only on temperature as 

it was explained above. This assumption allows the use of the table with this parameter, but note 

that this table cannot be used for the calculation of parameters as entropy or density. 

Following Table 1, a function for the specific heat capacity at constant pressure (cp) will be calculated 

in order to make the energy balance in the mixture later. As it will be shown in Figure 29, the 

temperature fluctuations are always between 500℃ and 750℃ (773°K and 923°K), so a linear 

regression between the known values of 600°K and 1000°K is calculated: 

𝑐𝑝 (𝐽/𝑘𝑔°𝐾) = 0.225 ∗ 𝑇(°𝐾) + 916     Equation 17 

This linear function will be required in the energy balance, but an average value will be also required. 

The average temperature is introduced in Equation 17 in order to calculate this average value: 

𝐶𝑝𝑎𝑣𝑒 = 1109.3
𝐽

𝑘𝑔°𝐾
   

This value has been compared with the EES® cp  value for air at that average temperature under ideal 

gas conditions obtaining the same result (cp = 1109 J/kg*°K ). Therefore this result is considered as 

the final one. 
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6.1.2 Heat Capacity Ratio 

The heat capacity ratio of the exhaust gas of an internal combustion engine has been analyzed in 

Krzysztof´s research. Krzysztof studied the exhaust gas under different temperatures in order to 

study changes in parameters as the heat capacity ratio as it is shown in Figure 22: 

 

Figure 22: Heat Capacity Ratio Dependence with Temperature (Krzysztof, 2004) 

As it will be shown in 6.2.2 Exhaust Gas Temperature point, after an energy balance with the three 

fluid streams, the mix fluid average temperature is calculated ( T00 = 573°C ). Because the axis of the 

temperature is not accurate enough (the temperature scale is very large), only a range of heat 

capacity ratios can be deduced. For a more accurate result, air conditions are used as it is described 

below. 

As it was described in 6.1.1 Specific Heat Capacity at Constant Pressure point, neglecting 

thermodynamic properties differences between exhaust gas composition and air composition is 

usually no more than 2% (Perry, 1984).Therefore the calculation of heat capacity ratio final value will 

be done following air properties as an ideal gas at the average temperature. This value can be 

obtained with EES® Software with the required fluid type and temperature condition. With an 

average temperature of T00 = 573°C, the final value obtained in EES® is: 

𝛾𝑎𝑣𝑒 = 𝛾𝑎𝑖𝑟(𝑇 = 573°𝐶) = 1.34 

6.1.3 Dynamic Viscosity 

Under the assumption of ideal gas, the dynamic viscosity is another parameter which depends only 

on the temperature, so the same procedure followed in the specific heat capacity will be applied for 

the viscosity. Looking at Table 1 and making the same lineal regression, Equation 18 is obtained.  

𝜇(𝑃𝑎 ∗ 𝑠) = (2.7 ∗ 10−4 ∗ 𝑇(°𝐾) + 0.154) ∗ 10−4    Equation 18 
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As it will be calculated in chapter 6.2 Exhaust Gas  the average turbine inlet temperature is T00 = 

573 ℃. Again, by introducing the average inlet temperature T00, the dynamic viscosity average value 

is calculated: 

𝜇00 = 𝜇𝑎𝑖𝑟(𝑇 = 573°𝐶) = 0.383  10−4   Pa ∗ s = 0.383  10−4   kg/s 

6.1.4 Mach Number 

At this point Mach number at each manifold inlet is calculated. Mach number gives important 

information about the fluid behavior. Following Mach number value, the fluid can be classified as: 

 Subsonic M < 0,7 

 Transonic 0,7 < M < 1,2 

 Supersonic 1,2 < M < 5 

 Hypersonic M > 5 

Mach number is calculated following Equation 19 with the fluid properties at each manifold inlet: 

𝑀 = 
𝐶

𝑎
    Equation 19 

Looking at Equation 19 it can be appreciated that two parameters are required: 

Absolute Velocity c 

The absolute velocity can be calculated using the mass flow law described in Equation 20 . Note that 

as the surface is the transversal area of a pipe, the absolute velocity is equal to the meridional 

velocity: 

ṁ123 = 𝑐𝑚123𝐴123𝜌123 Equation 20 

The inlet density in each turbine inlet manifold ρ123 will be obtained with EES® Software by using air 

properties at the average pressure and temperature conditions. The average temperature and 

pressure for each manifold is calculated as an arithmetically average of the temperatures and 

pressure values of the reference turbine in one of the inlet manifolds shown in Figure 23 and Figure 

24. Note that any manifold can be used for this calculation as both values are the same for each 

manifold but with a certain time lag. 

 

Figure 23: First Inlet Manifold Temperature Variation and Average Temperature 
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𝑇123 𝑎𝑣𝑒 =  555.4 ℃ 

 

Figure 24: First Inlet Manifold Pressure Variation and Average Pressure 

𝑝123 𝑎𝑣𝑒 =  2.464 𝑏𝑎𝑟 

Therefore the obtained density is: 

𝜌123 = 𝜌𝑎𝑖𝑟( 𝑇 = 𝑇00 =  555.4 ℃, p = p00 = 2.464 𝑏𝑎𝑟 ) = 1.037 
𝑘𝑔

𝑚3⁄   

The inlet area 𝐴123 is calculated with the manifold diameter of the reference turbine as: 

𝐴123 =
𝜋𝐷2

4⁄ =  
𝜋(47.3 𝑚𝑚)2

4
⁄ = 17.57 𝑐𝑚2 

The average mass flow rate will be the half of the total mass flow rate calculated at 6.2.1 Mass flow 

rate point. Therefore, following Equation 20 the absolute at each turbine manifold inlet is calculated: 

𝑐123 = 𝑐𝑚123  =  
ṁ123

𝐴123𝜌123
= 

0.5 ∗ 0.332 𝑘𝑔/𝑠 

17.57 ∗ 10−4 𝑚2 ∗  1.037 
𝑘𝑔

𝑚3⁄
=  91.11 𝑚 𝑠⁄    

Velocity of sound  

The velocity of sound can be defined as: 

a = √𝑘𝑅 𝑇 =  √𝑘𝑝𝑣 = √
𝛾 𝑅 𝑇

𝑀
= √

𝛾 𝑝

𝜌
   Equation 21 

Following the parameters that were already chosen above, i.e.: 

 ρ: air density at the average temperature and pressure at the turbine inlet manifold. 

 p: average pressure at the turbine inlet manifold. 

 γ: heat capacity ratio defined at 6.1.2 Heat Capacity Ratio point. 

Therefore the velocity of sound at each manifold is: 
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a = √
𝛾 𝑝

𝜌
= √

𝛾 𝑝123
𝜌123

  √
1.34 ∗ 246440 𝑃𝑎

1.037
= 564.3 𝑚 𝑠⁄  

As both velocity of sound and the total fluid velocity are already known, Mach number can be 

calculated as:  

𝑀𝑎 = 
𝑐123
𝑎

=  
91𝑚 𝑠⁄

564.3 𝑚 𝑠⁄
= 0.161   

Following the classification made above regarding the Mach number the fluid is classified as a 

subsonic stream at the turbine inlet 

6.1.5 Density 

As the fluid density is a parameter which depends both on temperature and pressure, the procedure 

followed in the specific heat power and dynamic viscosity cannot be applied now. 

The strategy to follow in this point depends on the fluid compressibility, so before calculating the 

density, the fluid must be classified as compressible fluid or incompressible fluid. 

 Incompressible Fluid: Ideal gas law can will be directly applied as: 

𝑝𝑣 =  𝑅𝑇    Equation 22 

 Compressible Fluid: The compressibility factor zr = zr (T, p) should be applied in the 

generalized compressibility law for every medium. 

𝑝𝑣 =  𝑧𝑟𝑅𝑇    Equation 23 

The Compressibility factor is different for each medium. However, if the concept of reduced 

properties (defined as the absolute property divided by the critical value in that medium) is 

introduced, all the charts zr = zr f (T, p) can be generalized to one single chart (Havtun, 2014). 

These charts are shown in Figure 25 and Figure 26: 

 

Figure 25: Generalized Compressibility Chart Pr < 1.0 (Singh, 2009) 
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Figure 26: Generalized Compressibility Chart Pr < 10.0 (Singh, 2009) 

At this point the compressibility factor at the turbine inlet is calculated in order to set the 

compressibility fluid behavior. As the fluid work has been modeled as air, and the properties are 

calculated at the mixture manifold, the reduced properties are: 

 Reduced Temperature: 

𝑇𝑟 =
𝑇
𝑇𝑘
⁄  Equation 24 

Tk: critical air temperature = 83°K 

T:  absolute mix temperature = 846°K (calculated at 6.2.2 Exhaust Gas Temperature) 

Following Equation 24 the final value for the reduced temperature is calculated as: 

𝑇𝑟 =
𝑇
𝑇𝑘
⁄ =

846 °K

83 °K
 = 10.19 

 Reduced Pressure: 

𝑝𝑟 =
𝑝
𝑝𝑘⁄  Equation 25 

pk: critical air pressure = 37.71 * 105 Pa 

p: absolute pressure = 2.563* 105 Pa (calculated at 6.2.3 Exhaust Gas Pressure) 

Following Equation 25 the final value for the reduced temperature is calculated as: 

𝑝𝑟 =
𝑝
𝑝𝑘⁄ =

2.563 ∗ 105 Pa

37.71 ∗ 105 Pa
 = 0.069 
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These values are introduced in Figure 26 and the final value for the compressibility factor arises: 

𝑧𝑟 = 1.01 →  𝑧𝑟 ≈ 1 

With this value for zr at the turbine inlet, the ideal gas law can be directly applied and 

incompressible fluid properties can be used. The constant volume flow rate law is applied in the 

mix manifold turbine inlet as it is shown in Equation 26 and Equation 27: 

    𝑉̇ 123 (
𝑚3

𝑠⁄ ) + V 456 (
𝑚3

𝑠⁄ ) = V 𝑚𝑖𝑥(
𝑚3

𝑠⁄ ) Equation 26 

ṁ123(
𝑘𝑔

𝑠⁄ )

𝜌123 (
𝑘𝑔

𝑚3⁄ )
+ 

ṁ456 (
𝑘𝑔

𝑠⁄ )

𝜌456 (
𝑘𝑔

𝑚3⁄ )
=

ṁ𝑚𝑖𝑥  (
𝑘𝑔

𝑠⁄ )

𝜌𝑚𝑖𝑥  (
𝑘𝑔

𝑚3⁄ )
 Equation 27 

All the values except the mixture density are already known: 

- m̊123 ave = m̊456 ave = 0.166  kg/s 

- m̊mix ave = 2* m̊123 ave = 0.332 kg/s 

- ρ123 ave =  ρ456 ave = 1.037 kg/m3 (calculated at 6.1.4 Mach Number) 

By introducing these values in Equation 27 the mixture density is obtained: 

𝜌𝑚𝑖𝑥 𝑎𝑣𝑒 = 1.037 
𝑘𝑔

𝑚3⁄  

6.2 Exhaust Gas Design Point 

The target at this point is to get steady conditions for the predesign, i.e., obtain a representative 

value based on the variables that change over time. Later on, for all the off- design conditions in the 

engine cycle, the variable nozzle vanes will alter the turbine inlet flow angle in order to achieve a high 

efficiency.  For the turbine predesign, any exhaust condition could be used as this representative 

design, but in order not to make the angle variations too high, the turbine predesign will be based on 

the average cylinder exhaust gas values.  

For these values, information regarding pressure and temperature both at the exit and at the inlet, 

and both manifolds were provided. As the inlet information match outlet from the individual 

manifolds but not the mixture, calculation of the mixture proprieties will be made as fluid turbine 

inlet is the mixture of the manifold outlets. Note that these calculations will be required just for the 

inlet, as in the exhaust only one fluid is studied with the mixture proprieties. 

6.2.1 Mass flow rate 

The average inlet mas flow rate will be calculated as an arithmetic average value of the mass 

flow mixture function dependent of time. The mixture function is calculated after applying the 

mass conservation law at the turbine inlet. After this superposition the resultant mass flow rates 

are plotted in Figure 27 and Figure 28: 
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Figure 27: Total Mass Flow Rate 

 

 
Figure 28: Total and Average Mass Flow Rate 

ṁ𝑖𝑛 = ṁ𝑚𝑖𝑥 𝑎𝑣𝑒 = 0.3322 𝑘𝑔/𝑠 

6.2.2 Exhaust Gas Temperature 

Based on the total temperature for both streams provided, the input value required for the 

predesign will be calculated. As it is shown in Figure 29, both manifold outlets temperatures have 

almost the same temperature variations but with a certain time lag. The mixed temperature is 

calculated with an energy balance. This energy balance will require the mass flow rate values which 

were analyzed above and that are plotted in Figure 30: 

 
Figure 29: First and Second Manifold Temperature 

 
Figure 30: First and second Manifold Mass Flow 

 

Assuming an adiabatic process in the turbine inlet, the final balance could be the plotted as:  
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Figure 31: Adiabatic Heat Transfer Process 

Following Figure 31, the equation to be solved is: 

ṁ123 ∗ c𝑝 123 ∗ 𝑇123 +ṁ456 ∗ c𝑝 456 ∗ 𝑇456 = ṁ𝑚𝑖𝑥 ∗ c𝑝 𝑚𝑖𝑥 ∗ 𝑇𝑚𝑖𝑥   Equation 28 

As all of these values vary in time, a new problem arises, as the specific heat coefficient cp mix also 

depends on the temperature and the Tmix is already unknown.  To solve this equation an iterative 

procedure is used: 

i. The iterations will start with an assumption of the final average temperature just for the 

calculation of the cp coefficient. 

ii. Then, the calculation of all the mixture temperature will be done in order to lately calculating 

the average mixture temperature.  

iii. The iteration is considered converged when the  |(Tmix,iter-Tmix)|/Tmix < 0.001 

According to the subscripts chosen in Figure 12, the results are the plotted in Figure 32 and Figure 

33. The average mixture temperature is calculated as an arithmetically average of the mixture values 

plotted in these figures. 

 
Figure 32: Temperature of The Three Streams 

 
Figure 33: Two Streams Mixture Temperature 

 

𝑇00 = 𝑇𝑚𝑖𝑥 𝑎𝑣𝑒 = 573℃ 
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6.2.3 Exhaust Gas Pressure 

The inlet pressure that comes from manifolds is given as a total pressure, i.e. static plus dynamic, and 

the pressure outlet is provided as static. 

a. Inlet Pressure 

The pressure curve is almost the same for both manifolds but with a certain time lag as it is shown in 

Figure 34. The average pressure for both manifolds is also calculated, resulting in the same value for 

both streams. 

 

Figure 34: Manifold Pressure Curves 

𝑝𝑖𝑛,123 𝑎𝑣𝑒 = 𝑝𝑖𝑛,456 𝑎𝑣𝑒 = 2.4644 𝑏𝑎𝑟   

The mixture pressure is now calculated. The first step is to calculate the dependent on time mixture 

inlet density by following Equation 27, an equation which was used before in order to calculate the 

average value of the inlet density. 

𝜌𝑚𝑖𝑥  (
𝑘𝑔

𝑚3⁄ ) =  
ṁ𝑚𝑖𝑥  (

𝑘𝑔
𝑠⁄ )

ṁ123(
𝑘𝑔

𝑠⁄ )

𝜌123 (
𝑘𝑔

𝑚3⁄ )
+ 

ṁ456 (
𝑘𝑔

𝑠⁄ )

𝜌456 (
𝑘𝑔

𝑚3⁄ )

 
Equation 29 

 

As we are still under incompressible conditions, and the time expression temperature is already 

known after applying the energy balance (see 6.2.2 Exhaust Gas Temperature point), the ideal 

equation gas law can be directly applied as it was shown in Equation 22. Therefore the pressure 

expression is: 

𝑝 =  𝜌𝑅𝑇    Equation 30 

 

By introducing the values in both equations, the mixture pressure is finally calculated and shown in 

Figure 35 and Figure 36. The average mixture pressure is also calculated as an arithmetically average 

of the mixture values plotted in these figures. 
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Figure 35: Pressure of The Three Streams 

 

 
Figure 36: Two Streams Mixture Pressure 

Again, according to the nomenclature defined in Figure 12, the inlet pressure will be expressed as: 

 

𝑝00 = 𝑝𝑖𝑛,𝑚𝑖𝑥  𝑎𝑣𝑒 = 2.5636 𝑏𝑎𝑟   

b. Outlet Pressure 

As we can see in Figure 37 the pressure fluctuations are not very high (between 1.09 and 1.16 bar), 

so as a first attempt for the predesign an arithmetic average value for this pressure will be use.  

 

Figure 37: Outlet Gas Pressure 

As the provided values correspond with the pressure upstream of the diffuser, and following the 

nomenclature indicated in Figure 12, the pressure will be named as: 

𝑝3 = 𝑝𝑠𝑡𝑎𝑡𝑖𝑐 𝑜𝑢𝑡 𝑎𝑣𝑒 = 1.1277 𝑏𝑎𝑟   
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6.3 Turbine Parameters 

At this point the main turbomachinery geometrical and speed parameters will be calculated. Note 

that these geometrical parameters will be required in order to calculate the design parameters. The 

design parameters will be the same in the final design, but each turbine will have its own geometry 

and therefore its own velocities diagrams at every operating point. This turbine will be designed for 

the exhaust average conditions and therefore also its turbine parameters. The variable nozzle vanes 

will later adjust the performance at off-points. 

6.3.1 Flow coefficient 

In turbomachinery, a flow coefficient can be expressed as: 

ϕ =
𝑐𝑚2

𝑈2
⁄  Equation 31 

 

Therefore two velocities will be required: the meridional velocity and the blade speed at the impeller 

inlet. The main parameters of the reference turbine are: 

 D2 = Diameter at inlet = 86 mm. 

 b2 = Blade height at inlet = 13.3 mm. 

 D3t = exit impeller diameter = 77 mm. 

 n = rotational speed = 85000 rpm. 

The meridional velocity at the impeller inlet can be easily calculated by using the continuity equation. 

Note that the subscripted numbers used in the equations correspond with the points shown in Figure 

12 :  

ṁ𝑡𝑢𝑟𝑏𝑖𝑛𝑒 (
𝑘𝑔

𝑠⁄ ) = 𝐴2(𝑚
2) ∗ 𝜌2(

𝑘𝑔
𝑚3⁄ ) ∗ 𝑐𝑚2(

𝑚
𝑠⁄ ) = 𝐴3𝜌3𝑐𝑚3 Equation 32 

 

The inlet area (A2) can be calculated using the reference turbine parameters: 

𝐴2 = 2𝜋𝑟2𝑏2 =  2𝜋 ∗ 43 𝑚𝑚 ∗ 13.3 𝑚𝑚 = 35.9 𝑐𝑚2  

For the density, an assumption of constant density between the volute inlet and the impeller inlet 

will be done. Neglecting the difference will not suppose a big discrepancy as the pressure losses and 

therefore the total temperature in the volute are low. 

Therefore the meridional velocity at the impeller inlet will be: 

𝑐𝑚2 =
ṁ𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝐴2𝜌2
 

𝑐𝑚2 =
0,3322 𝑘𝑔/𝑠

35.9 𝑐𝑚2 ∗ 1,037 kg/𝑚3
= 89.2 𝑚 𝑠⁄  

The blade speed will be calculated with the ratio impeller ratio and velocity: 

𝑈2 = 𝑟2𝜔2 = 43 𝑚𝑚 ∗ 85000 𝑟𝑝𝑚 ∗ 2𝜋 60⁄  = 382.8 𝑚/𝑠 

Therefore, following Equation 31 the flow coefficient will be: 
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ϕ =
𝑐𝑚2

𝑈2
⁄ = 89,2

382.8⁄ = 0.233 Equation 33 

6.3.2 Loading flow coefficient: 

In turbomachinery, the loading flow coefficient can be expressed as: 

𝜑 =  
𝑐𝜃2
𝑈2

− 𝑟
𝑐𝜃3
𝑈3

 
Equation 34 

For this coefficient, two assumptions following a nominal design will be done: 

 The flow is radially inward: 
𝑐𝜃2 = 𝑈2   

 

 

 Axial velocity at the impeller outlet: 

𝑐𝜃3 = 0 
 

 

Therefore, following both Equation 31 and these two assumptions, the loading flow coefficient is: 

𝜑 = 1 

In irreversible case both friction incidence or clearance losses must be taken into account. Therefore 

the value recommended in RITAL® program is used as first assumption: 

𝜑 = 0.918 

6.3.3 Ratio of rotor exit hub radius to rotor inlet 

In turbomachinery, the ratio of rotor exit hub radius to rotor inlet is expressed as:  

 ψ =  
𝑟3𝐻

𝑟2⁄  Equation 35 

Therefore, for the current predesign two values should be calculated: 

The impeller inlet type radius (r2) will be equal to the reference turbine geometry r2 = 43 mm 

The rotor exit hub radius (r3H) must be large enough to ensure the hub is of sufficient size for 

manufacture and to allow suitable bearing and nose bullet design. Hence, the lower limit is set by 

either impeller manufacturing capability or the shaft mechanical design and the upper one is 

governed by inducer tip relative Mach number. (Walsh & Fletcher, 2008) 

As this value is not provided, for this predesign an extrapolation with other real examples in radial 

turbines will be made, resulting on: 

𝑟3ℎ = 𝑟3 ∗ 0,31 = 12 𝑚𝑚  

Therefore the required ratio of rotor exit hub radius is: 

ψ = 
𝑟3𝐻

𝑟2⁄ = 12 𝑚𝑚
43 𝑚𝑚⁄ = 0.279  



   

36 
Enrique Carrasco Mora 

Variable Stator Nozzle Angle Control in a Turbocharger Inlet 

6.3.4 Number of blades  

The more blades a better flow guidance is achieved but also higher friction losses, therefore several 

theories have been studied by researchers as Jameson and Glassman. The number of blades 

influence on the turbine performance is analyzed now by using a model in RITAL. The simulations are 

done with the same geometry and under the same exhaust gas conditions but changing the number 

of blades. The results are plotted in Figure 38 (rotor efficiency losses due to incidence angle), Figure 

39 (the blade trailing edge losses) and Figure 40 and the (rotor efficiency losses due to blade 

clearance loss).  

 

Figure 38: Incidence Angle Losses Depending on Number of Blades 

 

Figure 39: T.E. Losses Depending on Number of Blades 
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Figure 40: Rotor Clearance Losses Depending on Number of Blades 

The results shows what the researchers already figured out: 

 The incidence losses decrease by increasing the number of blades because a better flow 

guidance is achieved in the rotor. 

 T.E losses are defined as the rotor efficiency losses due to blade trailing edge loss, which are 

mainly composed by friction losses. Therefore more blades lead into higher friction losses in 

the rotor as Figure 39 shows. 

 The more blades increase the blade clearance losses. 

Therefore a compromise solution between these two variables must be found. In this paper 

Glassman’s theory is used in order to calculate the number of blades. For this theory, the inlet flow 

angle will be required. This angle can be easily obtained with trigonometry (see Figure 14):   

𝛼2 =  𝑎𝑟𝑐𝑡𝑛𝑔 (
𝑈2

𝑐𝑚2
⁄ ) = 𝑎𝑟𝑐𝑡𝑛𝑔 (382,8 89,2⁄ ) = 76.9° 

Glassman’s theory calculates the number of blades for a velocity field as it is shown in Equation 36. 

Obviously these numbers should be approximated to the closest integer. By introducing values 

calculated above the minimum number of blades is obtained:  

𝑍𝐵 = 
𝜋
30⁄  (110 − 𝛼2)𝑡𝑛𝑔 (𝛼2) Equation 36 

 

𝑍𝐵 = 
𝜋
30⁄  (110 − 76,9)𝑡𝑛𝑔 (76,9) =  14,9 𝑏𝑙𝑎𝑑𝑒𝑠 → 15 𝑏𝑙𝑎𝑑𝑒𝑠 

 

However, Glassman’s theory is criticized by many researchers for resulting in a high number of 

blades. After examining several turbochargers of similar sizes in the laboratory (eleven blades), and 

the reference turbine number of blades (twelve blades) the final number of blades is chosen as the 

same number as the reference turbine. 

𝑍𝐵 =  12 𝑏𝑙𝑎𝑑𝑒𝑠 
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6.3.5 Area ratio of the Diffuser 

The area ratio of the diffuser is defined by Dixon and RITAL® as: 

𝐴𝑅 = 
𝐴4

𝐴3
⁄  

Equation 37 
 

Both areas A4 and A3 correspond to the inlet and exit diffuser areas as can be shown in Figure 41. 

Note that subscripts are following the order set in Figure 12 : 

 

Figure 41: Subsonic Conical Diffuser Geometry and Its Parameters (Dixon, 1998) 

To calculate this value, the continuity equation will be applied between the inlet and the exit (point 3 

and 4 respectively) in Equation 38: 

ṁ𝑑𝑖𝑓𝑓𝑢𝑠𝑒𝑟 (
𝑘𝑔

𝑠⁄ ) = 𝐴3(𝑚
2) ∗ 𝜌3(

𝑘𝑔
𝑚3⁄ ) ∗ 𝑐𝑚3(

𝑚
𝑠⁄ ) = 𝐴4𝜌4𝑐4 Equation 38 

By neglecting tiny viscosity changes and considering the stream velocity parallel to the axis Equation 

37 can be rewritten as: 

𝐴𝑅 = 
𝐴4

𝐴3
⁄ =  

𝑐3
𝑐4⁄  

Equation 39 
 

The velocity C3 can be obtained by running a simulation with the pre-design (without the diffuser) 

and the average conditions calculated in 6.2 Exhaust Gas Design Point. This simulation provides a 

value of: 

𝑐3 = 208.5 𝑚/𝑠 

As the aim of a diffuser is to decrease the velocity and thereby increase the pressure, the real 

velocity C4 which the reference turbine is working with will be considered as the maximum velocity 

available. In order to calculate this velocity (as it was not provided) a model of the reference turbine 

with the same geometry, diffuser and operating conditions is done. This simulation shows a value of: 

𝑐4 = 124.8 𝑚/𝑠 

By introducing both values in Equation 37, the area ratio of the diffuser is finally calculated: 

𝐴𝑅 = 
𝐴4

𝐴3
⁄ =  

𝑐3
𝑐4⁄ = 208.5

124.8⁄ = 1.67 
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6.4 Predesign Geometry 

By using all the above required values in RITAL design mode, the pre-design can be completed and 

the final geometry is available. Note that this turbine represents the suggested geometry for the 

exhaust gas conditions described at the point 6.2 Exhaust Gas Design Point, and therefore the 

turbine behavior under these conditions achieve a high efficiency, power  and low rotor losses (the 

turbine achieve 0% of incidence losses).  

After running simulation with the off-design points, several fluid blockages were achieved when the 

turbine was running under the highest mass flow rates. Therefore, in spite of the high efficiency 

achieved under average conditions, several geometrical parameters will be changed in the final 

design, as the proposal geometry represents the best geometry under average conditions but not for 

the entire combustion cycle. 

These design changes (rotor height, rotational speed and the nozzle ring design) will be explained at 

point 8. Final Design and are made not only to achieve  a better performance throughout the cycle, 

but also for performing a better comparison study with the reference turbine by  using closer values 

to the reference turbine. 

Although this turbine will be just taken as a predesign and not as the final geometry, the velocity 

diagrams obtained throughout all the turbine devices will be taken as the ideal velocity configuration 

due to the high efficiency and the zero incidence losses achieved. A comparison study will also be 

made between the ideal case and the velocity diagram obtained with the final geometry in order to 

understand the efficiency drops. 

The predesign geometry is presented in Figure 42 and Table 2: 

 
Figure 42: Predesign (Turbine without Nozzle Ring) 
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 Component Parameter Pre-design Reference Turbine 

Volute 

Volute radius r0 = 67.5 mm - 

Volute Area A0 = 16.34 cm2 - 

Swirl Coefficient Sw = 0.95 - 

Loss coefficient ϛv = 0,05 - 

Impeller (Rotor) 

Rotational speed n =88843 rpm n = 85000 +/- 500 

Inlet tip radius r2 = 40 mm r2 = 43 mm 

Inlet blade height b2 = 7.57 mm b2 = 13 mm 

Exit tip radius r3t =32 mm r3t = 38.5 mm 

Exit hub radius r3h =11.1 mm r3h = 12 mm* 

Axial Length ka = 23.9 mm - 

Number of Blades Zb = 12 Zb = 12 

Diffuser 

Exit tip radius r4t = 38.6 mm - 

Exit hub radius r4h = 0 mm - 

Axial Length Ka =38.6 mm - 

Swirl coefficient Sw = 1 - 

Table 2: Predesign Geometry Parameters 

*parameter calculated with an extrapolation with other real examples in radial turbines   

6.5 Result Analysis 

The behavior of the turbine pre-designed turbine is presented below. This analysis includes the 

output power, efficiency, losses and the velocity diagrams throughout the entire turbine. 

6.5.1 Power, Efficiency and Losses 

All the important parameters regarding the turbine performance are collected in Table 3:  

Stage Parameter Description Value 

General 

Power Total turbine output power 40.72 kW 

Expansion Ratio TS Total-to-static expansion ratio 2.273 

Expansion Ratio TT Total-to-total expansion ratio 2.181 

Reaction 
ℎ0(inlet) − ℎ0(exit)

ℎ𝑡(inlet) − ℎ𝑡(exit)
 0.594 

Specific speed 
Non-dimensional definition of specific speed based on 

actual total work 
0.796 

Rotor 

Isentropic T-T 
ℎ0(inlet) − ℎ0(exit)

𝑔
 0.820 

Efficiency 
Decrement 

Incidence Rotor efficiency loss due to incidence angle 0.0 

Passage Rotor efficiency loss due to passage loss 0.14 
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Clearance Rotor efficiency loss due to blade clearance loss 0.002 

Trailing Edge Rotor efficiency loss due to blade trailing edge loss 0.015 

Windage Rotor efficiency loss due to disk windage loss 0.000 

Stage 

Isentropic T-T 
Total-to-total stage efficiency 

 
0.714 

Polytropic T-T 
Stage total-to-total polytropic efficiency based on an 

ideal gas with constant specific heat ratio 
0.693 

Efficiency 
Decrement: 

 

Volute Efficiency loss caused by the volute 0.020 

Rotor Efficiency loss caused by all rotor loss sources 0.157 

Diffuser Efficiency loss caused by the diffuser 0.112 

Table 3: Predesign Performance 

6.5.2 Velocity Diagrams 

Velocity Diagrams are very important to understand the turbine behavior. The kind of velocity 

diagram establishes the incidence losses and therefore the efficiency and the power output.  A better 

flow guidance implies a velocity diagram closer to the ideal configuration and therefore a better 

guidance. 

As it was said before, the velocity diagrams obtained with this geometry and under average 

conditions will be taken as an example of an ideal case due to the high efficiency, and the zero 

incidence losses. The velocity configurations are explained from the volute till the diffuser following 

the nomenclature chosen in Figure 12 : 

a. Volute inlet 

Parameter Value 

Absolute velocity c1 = 205 m/s 

Tangential velocity c1t =0  m/s 

Meridional velocity c1m = 205 m/s 

Absolute flow angle α1 = 0° 

Table 4: Predesign, Velocity Diagram at Volute Inlet 

This configuration shows a completely axial fluid with an absolute flow angle equal to zero (α1 = 0°). A 

result completely expected as it is the normal behavior at the volute inlet. Inside the volute, the fluid 

gains tangential speed in order to enter in the rotor with the appropriated relative and absolute 

angle. 

b. Rotor Inlet 
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Figure 43: Predesign, Velocity Diagram at Rotor Inlet 

Parameter  Value 

Absolute velocity c2 = 395 m/s 

Tangential velocity c2t =331m/s 

Meridional velocity c2m =216 m/s 

Relative velocity w2 =220 m/s 

Blade Speed U2 =370 m/s 

Absolute Flow angle α2 = 56.83° 

Relative Flow angle β2 =  -10.28° 

Incidence angle i2 =  -10.28° 

Table 5: Predesign, Velocity Diagram at Rotor Inlet 

In this configuration, an almost radially inward velocity following the nominal design can be 

appreciated (see the point 5.2.3 Nominal design). As it can be supposed, a nominal speed 

configuration is the first step for the so-called optimum efficiency design (Dixon, 1998).   

For a given absolute flow velocity value, alpha angle sets the values for both meridional velocity and 

tangential velocity. A bigger alpha leads into more tangential velocity component and the less 

meridional. Therefore the bigger alpha, the work made by the fluid is bigger (see Equation 7) but the 

fluid goes slower through the turbine. Alpha value achieved in this configuration (α = 56.7 °) sets a 

compromise solution between both velocities. 

By comparing this configuration with the nominal design shown in Figure 14, only a small difference 

in beta value can be appreciated (beta was supposed to be zero and in this design is 10°). However, 

according to Shah and Chaudhri, in a well-designed radial turbine operating at its design point, the 

relative flow angle β2 at inlet will match the rotor so that the flow enters the blade passage with 

minimum disturbance. Following this assumption, our small relative angle is used in order to 

compensate the components of velocity. (Shah, Chaudhri, Kulshreshtha, & Channiwala, 2013) 

In their research, Carbonneau, Boussquets, Brinder, Belkouchi and Emmanuelli studied the swirl 

losses around the vanes with several flow angle configurations between 47 and 67 degrees, for finally 

concluding that a configuration of 57° for alpha absolute velocity angle avoids almost of the flow 

separation in both leading edge at the pressure side of the rotor blades and the exducer region due 

to high negative incidence angle. As it can appreciated, this minimum losses angle is the same as in 

our configuration (Carbonneau, Bousquet, Binder, Belkouchi, & Emmanuelli, 2015). 
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c. Rotor Exit 

 

Figure 44: Predesign, Velocity Diagram at Rotor Inlet 

Parameter Value 

Fluid Velocity c3 = 239 m/s 

Tangential velocity c3t = 0 m/s 

Meridional velocity c3m = 239 m /s 

Relative velocity w3 =326 m/s 

Blade Speed U3 = 222 m/s 

Absolute Flow angle α3 = 0° 

Relative Flow angle β3 =  -43° 

Table 6: Predesign, Velocity Diagram at Rotor Exit 

This completely axial fluid configuration follows the nominal design it was expected in a high 

efficiency radial turbine, as the absence of the tangential speed component (C3t ) increase the power 

output as it was explained in Equation 7. 

d. Diffuser Exit 

Parameter Value 

Fluid Velocity C4 = 132 m/s 

Tangential velocity C4t = 0 m/s 

Meridional velocity C4m = 132 m/s 

Absolute Flow angle α4 = 0° 

Mach number M4 =  0.25 

Table 7: Predesign, Velocity Diagram at Diffuser Exit 



   

44 
Enrique Carrasco Mora 

Variable Stator Nozzle Angle Control in a Turbocharger Inlet 

Again, al completely axial flow can be appreciated in the diffuser. Even having reduced the absolute 

velocity to almost the half, the final value is slightly bigger to the maximum absolute velocity limit set 

at point 6.3.5 Area ratio of the Diffuser, and it can achieve higher values in several off-design points. 

As this is just the predesign this velocity will not suppose a problem.  
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7. Off-Design Points 

The first step to get the final geometry is to calculate the properties of several off-design points. 

These off-design points should represent the entire combustion cycle by following a constant period 

between them and trying to match the highest and smallest conditions.  

7.1 Choice of cycle 

The mass flow engine cycle is shown in Figure 45. Looking at this combustion cycle, smaller cycles can 

be appreciated and therefore all gas condition values can be represented by one small cycle. At this 

point the most representative cycle for the engine cycle will be chosen. 

 

Figure 45: Mass Flow Engine Cycle 

To choose the most appropriated cycle, the first step is the calculation of the period lengths for each 

cycle. The smallest period would be more appropriated for the off-design points calculation as the 

mechanical device that should match every desired angle on time will be designed for a higher 

required speed. If the design is based on a smaller speed, and later a higher speed is required, maybe 

the device cannot achieve it on time. The shortest periods will achieve more accurate calculations in 

the global best efficiency blade angle function. 

Every period length is calculated and represented in Figure 46:  
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Figure 46: Combustion Cycle Period Lengths 

Both the second and the fifth periods achieve the smallest lengths. As the maximum and minimum 

values in mass flow in the entire combustion cycle are achieved in the second cycle, any value is out 

of the range of values included in this cycle. Therefore this cycle will be finally the chosen cycle for 

the calculation of the off-design points as is the most representative and it has the shortest period. 

Focusing in this cycle, the mass flow rate, temperature and pressure values are plotted in Figure 47, 

Figure 48 and Figure 49 : 

 

Figure 47: Second Cycle Mass Flow 
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Figure 48: Second Cycle Temperature 

 

Figure 49: Second Cycle Pressure 
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7.2 Choice of off-design points 

At this point, the off-design points are calculated. In this calculation both the maximum and 

minimum values, and average mass flow values are included. Except the last and the average mass 

flow values, the off design points follow a constant period of 2.32 milliseconds. The fifth and tenth 

off design points represent the maximum and minimum mass flow rate in the entire combustion 

cycle respectively. The off-design point values are collected in Table 8: 

Point t (s) ṁmix (kg/s) Tmix (°K) ρmix (kg/m3) P mix (pa) 

1 5.258 0.246 489.7 0.948 207541 

2 5.260 0.299 563.8 0.911 218867 

3 5.261 0.332 675.6 0.899 244882 

4 5.262 0.383 719.9 0.997 284383 

5 5.265 0.436 661.9 1.196 320983 

6 5.267 0.389 586.2 1.310 323187 

7 5.269 0.344 555.9 1.107 263390 

8 5.270 0.332 543.3 1.087 254805 

9 5.272 0.301 524.2 1.047 239576 

10 5.276 0.242 768.9 0.963 212689 

Table 8: Off Design Points Properties 

The above temperature pressure and mass flow figures are now plotted with the value of each off-

design point.  Note that the maximum point for the maximum mass flow and pressure doesn’t agree 

with the maximum temperature. This fact will help in the turbine design as a compensation between 

these values will be achieved. 

 

Figure 50: Off-Design Point Mass Flow 
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Figure 51: Off-Design Point Temperature 

 

Figure 52: Off-Design Point Pressure 
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8. Final Design 

The same exhaust gas model defined at the 6.1 Exhaust Gas Model point and used in the turbine pre-

design will also be used for both the final design and the rear analysis.  

The two final turbines that will be obtained in this design will be the ones used for the comparison 

study between a fixed nozzle, a variable nozzle and a vaneless turbine. For these designs, and in 

order to make a good comparison study, all the devices should have the same geometry. Obviously 

the vaneless turbine will not have the nozzle ring, a change which leads to a different volute radius, 

but both the volute area and swirl and loss coefficient will keep constant values in all the designs. 

In order to achieve the same geometry in both designs, the turbine with nozzle ring will be designed 

first. Later on, the nozzle ring will be removed keeping the geometry in order to complete the design 

of the vaneless turbine. Finally, a study of both performances under average conditions will be made. 

In this turbine final design the vanes nozzle ring is implemented. Later, an angle study will be made in 

order to obtain the best angle position for each off- design point and finally a best efficiency angle 

curve will be calculated.  

8.1 Nozzle Ring  

At this point the vanes nozzle ring is now calculated and implemented. To design the turbine nozzle 

ring three values are required:  

- Nozzle inlet radius to nozzle exit  radius ratio 

- Nozzle exit radius  to rotor inlet radius ratio 

- Number of Vanes 

Both nozzle inlet radius to nozzle exit radius and nozzle exit radius to rotor inlet radius ratios will be 

taken following RITAL® recommendations. These values are: 

- Nozzle inlet radius  to Nozzle exit  radius ratio  =  1.25 

- Nozzle exit radius  to Rotor inlet radius ratio  = 1.05 

 

 Number of vanes 

For calculating the number of vanes, Rajoo and Martinez-Botas research will be used. In their work, a 

nozzle Vane Design was made in order to implement it in the turbine of a turbocharger for analyzing 

the performance of a variable geometry by evaluating his behavior in steady and unsteady flow 

conditions. 

In order to calculate the  number of vanes Rajoo and Martinez-Botas  used the lift coefficient  ψ, a 

dimensionless number  that relates the fluid velocity  and the associated reference area with the 

lift generated by a lifting body to the fluid density around the body. In their research, they concluded 

that the “the optimum tangential lift coefficient, ψ is between 0.75-0.85, which will result in the best 

pitch/chord compromise”. (Rjoo & Mártinez-Botas, 2008) 

http://en.wikipedia.org/wiki/Fluid_velocity
http://en.wikipedia.org/w/index.php?title=Reference_area&action=edit&redlink=1
http://en.wikipedia.org/wiki/Lift_(force)
http://en.wikipedia.org/wiki/Lifting_body
http://en.wikipedia.org/wiki/Fluid_density
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Following the lift coefficient expression for radial turbines, the space between vanes and therefore 
the number of vanes, can be calculated. The subscripts values follow the nomenclature described in 
Figure 12 

𝜓 = 2 (𝑠 𝑏⁄ ) cos2 𝛼2 (tan 𝛼1 − tan𝛼2 )   Equation 40 

 
Both space between vanes and the vane axial chord are shown in Figure 53: 

 

Figure 53: Vane Axial Chord and Nozzle Pitch (Rjoo & Mártinez-Botas, 2008). 

 
Following Figure 12 and the geometry parameters described in Table 9, the value for the vane axial 

chord can be calculated as:  

𝑏 = 𝑅𝑛𝑟 𝑒𝑥𝑖𝑡 − 𝑅𝑛𝑟 𝑖𝑛𝑙𝑒𝑡 =  52.3mm− 41.8 mm =   10.5 𝑚𝑚 

For the lift coefficient, an average value will be taken in the range of optimum values range. 

Therefore lift coefficient final value is:  

ψ = 0.8 

Absolute flow angle at the inlet α1 will be calculated by running a simulation with the same volute as 

the calculated in this final design. As the volute is located before the nozzle ring, the velocity 

configuration at the nozzle ring will be the same. Therefore α1 = 65.96°. 

For α2, the absolute flow angle at the exit for the ideal velocity configuration shown in Figure 43 at 

the inlet shown in will be taken. Therefore α1 = 56.7 °. 

Following this values the nozzle pitch will result on: 

𝑠 =  
 𝜓 𝑏 

2 cos2 𝛼2 (tan𝛼2 − tan𝛼1)
=  

 0.8 ∗ 10.5 𝑚𝑚 

2 cos2 56.7 (tan 65 − tan56.7)
= 19.27 𝑚𝑚  

The number of vanes can be easily calculated as: 

𝑠 𝑍𝑣 = 2𝜋 𝑟 𝑛𝑟 𝑖𝑛𝑡  ⇔  𝑍𝑣 = 
2𝜋 𝑟 𝑛𝑟 𝑖𝑛𝑡

𝑠
=  

2𝜋 41.8 𝑚𝑚

19.27 𝑚𝑚
= 13.63   

𝑍𝑣 = 14   
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8.2 Final Design Geometry 

At this point the geometry for both the turbine with and without nozzle ring is presented. 

8.2.1 Turbine with nozzle Ring 

All the parameters calculated throughout the points 6.1 Exhaust Gas Model, 6.2 Exhaust Gas Design 

Point, 6.3 Turbine Parameters and 8.1 Nozzle Ring are implemented now in RITAL® design mode with 

the RTP solver.  Therefore, the turbine geometry with nozzle ring now arises.  

Note that the predesign turbine represents the suggested geometry for the exhaust gas conditions 

presented in the points 6.2 Exhaust Gas Design Point, but this turbine should be able to work under 

higher mass flows, temperatures and pressures reached in the engine cycle. 

After running simulation with the off-design points, several fluid blockages were achieved when the 

turbine was running under the highest mass flow rates. Therefore the obtained value for both the 

nozzle and the rotor height (b2 = 8 mm) is changed to the reference turbine height value (b2reference = 

13.3 mm). With this new value the fluid blockages are avoided and the turbine can run under closer 

conditions to the reference turbine in order to do a good comparison study between the turbine with 

and without nozzle. 

In order to approach the design even closer to the reference turbine, the rotational speed is also 

changed from 89000 to 85000 rpm. The comparison study can now be made. 

The final geometry for the turbine with nozzle ring is presented in both Figure 54  and Table 9: 

 

Figure 54: Final Design, Turbine with Nozzle Ring 
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Component Parameter Pre-design Reference Turbine 

Volute 

Volute radius r0 = 82.14 mm - 

Volute Area A0 = 27.33 cm2 - 

Swirl Coefficient Sw = 0.95 - 

Loss coefficient ϛv = 0,05 - 

Nozzle 

Inlet radius r1= rnr inlet= 52.3mm  

Exit radius rnr exit = 41.8 mm  

Blade height b1 =13 mm  

Number of vanes Z = 14  

Impeller (Rotor) 

Rotational speed n = 85000 rpm n = 85000 +/- 500 

Inlet tip radius r2 = 40 mm r2 = 43 mm 

Inlet blade height b2 = 13 mm b2 = 13 mm 

Exit tip radius r3t =32 mm r3t = 38.5 mm 

Exit hub radius r3h =11.1 mm r3h = 12 mm* 

Axial Length ka = 23.9 mm - 

Number of Blades Zb = 12 Zb = 12 

Diffuser 

Exit tip radius r4t = 38.6 mm - 

Exit hub radius r4h = 0  mm - 

Axial Length Kav =38.6 mm - 

Swirl coefficient Sw = 1 - 

Table 9: Turbine with Nozzle Ring Final Design Parameters 

*parameter calculated with an extrapolation with other real examples in radial turbines   

In this table, the geometrical similarities between pre-design and reference turbine can be 

appreciated, meaning that the selected exhaust gas condition point has been well chosen and that 

the design is well oriented. 

8.2.2 Turbine without nozzle ring 

The same procedure followed in the design of the vaned turbine will be applied now for the vaneless 

turbine. As it can be appreciated in Table 10, both turbines keep the same geometry in all common 

devices except the nozzle radius, due to the absence of the nozzle ring and the interspace in the 

vaneless turbine. 

The final geometry is now presented in both Figure 55 and Table 10 : 
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Figure 55: Final Design, Turbine without Nozzle Ring 

Component Parameter Pre-design Reference Turbine 

Volute 

Volute radius r0 = 82.14 mm - 

Volute Area A0 = 27.33 cm2 - 

Swirl Coefficient Sw = 0.95 - 

Loss coefficient ϛv = 0,05 - 

Impeller (Rotor) 

Rotational speed n = 85000 rpm n = 85000 +/- 500 

Inlet tip radius r2 = 40 mm r2 = 43 mm 

Inlet blade height b2 = 13 mm b2 = 13 mm 

Exit tip radius r3t =32 mm r3t = 38.5 mm 

Exit hub radius r3h =11.1 mm r3h = 12 mm* 

Axial Length ka = 23.9 mm - 

Number of Blades Zb = 12 Zb = 12 

Diffuser 

Exit tip radius r4t = 38.6 mm - 

Exit hub radius r4h = 0  mm - 

Axial Length Kav =38.6 mm - 

Swirl coefficient Sw = 1 - 

Table 10: Turbine without Nozzle Ring Final Design Parameters 

*parameter calculated with an extrapolation with other real examples in radial turbines   
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8.3 Result Analysis under Average Conditions 

The final geometry is now studied under average conditions. Note that although these conditions are 

never achieved in the real cycle, this study allows doing the first comparison between not only the 

vaned and the vaneless turbine behavior, but also a comparison study between the ideal case 

explained at point 6.5.2 Velocity Diagrams and the geometries obtained now.   

As the input conditions are already chose, the vaneless turbine has all its parameters fixed and the 

simulation can be made. Regarding the vaned turbine one more parameter should be chosen: the 

blade angle. For this comparison study the most efficiency blade angle will be used: 

 𝛽𝑏𝑙𝑎𝑑𝑒 = 84° 

8.3.1 Final Design Performance under Average Conditions 

With all the parameters already fixed both simulations are made. All the important parameters 

regarding the turbine performances are collected in Table 11:  

Stage Parameter Vaneless Vaned 

General 

Power 18.9 kW 33.7 kW 

Expansion Ratio TS 1.53 1.94 

Expansion Ratio TT 1.49 1.88 

Reaction 0.88 0.721 

Specific speed 1.354 0.88 

Rotor 

Isentropic T-T 0.706 0.848 

Efficiency 
Decrement 

Incidence 0.114 0.005 

Passage 0.124 0.107 

Clearance 0.004 0.002 

Trailing Edge 0.014 0.014 

Windage 0.000 0.000 

Stage 

Isentropic T-T 0.61 0.72 

Polytropic T-T 0.60 0.70 

Efficiency 
Decrement: 

 

Volute 0.012 0.006 

Nozzle - 0.049 

Rotor 0.567 0.128 

Diffuser 0.118 0.108 

Table 11: Final Design Performance under Average Conditions 

In Table 11, the better performance of the vaned turbine can be appreciated. Working under the 

same conditions and with the same geometry in all the devices, the vaned turbine achieves a better 

efficiency (ηtt = 0.72) compared to the vaneless (ηtt = 0.61), which leads into a higher output power in 

the vaned turbine (Pout =33.7 kW ) compared to the vaneless one (Pout = 18.9 kW). 
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The main reason for this difference can be found in the incidence losses. The better guidance 

achieved by the vaned leads to smaller incidence losses (0.114 compared to 0.005). This improved 

flow guidance also has an influence in the power output as the better guidance leads to a higher 

tangential velocity at the rotor inlet (see Table 13 ) and therefore to a higher power (see Equation 7). 

8.3.2 Final Design Velocity Diagram under Average Conditions 

As it was explained at point 6.5.2 Velocity Diagrams, velocity diagrams are the main key to 

understand the turbine performance as they set the incidence losses, power and efficiency. At this 

point both the vaneless and the vaned final design velocity diagrams are studied under average 

exhaust gas conditions: 

a. Volute inlet 

Parameter Vaneless Turbine Vaned Turbine 

Absolute velocity c1 = 118 m/s c1 = 118m/s 

Tangential velocity c1t = 0 m/s c1t =  0m/s 

Meridional velocity c1m = 118 m/s c1m =118 m/s 

Absolute flow angle α1 = 0° α1 =0 ° 

Mach number M1 =0,21 M1 =0,21 

Table 12: Final Design under Average Conditions, Velocity Diagram at Volute Inlet 

Both turbines has the same volute and are working under the same input conditions, therefore the 

velocity configuration at the volute is the same for both. In this configuration, a completely axial 

behavior is appreciated as the fluid comes directly from the inlet pipe. 

 

b. Rotor Inlet 

The vaneless configuration at this point is far from the almost radially inward configuration described 

at the zero incidence losses point (6.5.2 Velocity Diagrams) due to a high beta value which cannot 

compensate the flow disturbances.  This velocity distortion leads to higher incidence losses and 

smaller power output as it was explained above.  

The vaned turbine has a configuration close to the zero incidence losses configuration with a beta 

value closer to 10° and an alpha value which allows using more tangential component for the power 

output with almost the same meridional velocity as the vaneless. Alpha value is a bit higher than the 

ideal configuration and may lead to flow separation, but the efficiency is compensated with the 

lower incidence losses. 

The configuration at the rotor inlet can be appreciated in Figure 56 and Table 13 for both turbines: 
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Figure 56: Velocity  Diagram at Rotor Inlet under Average Conditions: a)Vaneless Turbine  b)Vaned Turbine 

 

Parameter Vaneless Turbine Vaned Turbine 

Absolute velocity c2 = 216 m/s c2 =318  m/s 

Tangential velocity c2t =190 m/s c2t =295m/s 

Meridional velocity c2m = 105m/s c2m =114m/s 

Relative velocity w2 =195 m/s w2 = 131m/s 

Blade Speed U2 = 354m/s U2 = 354m/s 

Absolute Flow angle α2 =61 ° α2 = 68° 

Relative Flow angle β2 =  -57,59° β2 =  -26° 

Incidence angle i2 =  -57,59° i2 =  -26° 

Table 13: Final Design, Velocity Diagram at Rotor Inlet under Average Conditions 

c. Rotor Exit 

An almost completely axial configuration close to the ideal case can be appreciated in the vaned 

turbine, while the vaneless velocity diagram presents an alpha value of 15° apart the zero incidence 

losses configuration. This difference leads to lower output power as the tangential velocity is 

different to zero and therefore the negative component of the specific work becomes bigger (see 

Equation 7).  

  
Figure 57: Velocity  Diagram at Rotor Exit under Average Conditions: a)Vaneless Turbine  b)Vaned Turbine 
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Parameter Vaneless Turbine Vaned Turbine 

Fluid Velocity c3 = 183 m/s c3 = 212 m/s 

Tangential velocity c3t = 48 m/s c3t = 17m/s 

Meridional velocity c3m = 176 m /s c3m =  211m /s 

Relative velocity w3 =241 m/s w3 =288m/s 

Blade Speed U3 =212 m/s U3 = 212 m/s 

Absolute Flow angle α3 = 15,33° α3 =5 ° 

Relative Flow angle β3 =  -43° β3 =  -43° 

Table 14: Final Design, Velocity Diagram at Rotor Exit under Average Conditions 

 

d. Diffuser Exit 

At the diffuser exit, an almost completely axial velocity can be found in the vaned turbine, while the 

vaneless configuration is even further to the nominal design than at the rotor exit.  Regardless the 

velocity configuration, the recovered work for both turbines is the same as the amount of reduced 

velocity is almost the same in both configurations (43%). This configuration can be appreciated in 

Table 15 for both turbines: 

Parameter Vaneless Turbine Vaned Turbine 

Fluid Velocity C4 = 105  m/s C4 = 117 m/s 

Tangential velocity C4t = 42 m/s C4t =15m/s 

Meridional velocity C4m = 96 m/s C4m =116  m/s 

Absolute Flow angle α4 =24 ° α4 = 7° 

Mach number M4 =0,19 M4 =  0,22 

Table 15: Final Design under Average Conditions, Velocity Diagram at Diffuser  
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9. Comparison Study 

The simulation made above used the average conditions calculated at point 6.2 Exhaust Gas Design 

Point, conditions that will never be achieved in the real cycle. At this point, the turbine will be 

studied throughout the real combustion cycle in order to calculate the profit margin of the variable 

angle nozzle ring turbine, a study which reaches the real aim of this paper. 

9.1 Maximum Efficiency Angle Function 

As it was explained in the methodology, the first step for doing the comparison study is the 

calculation of the maximum efficiency angle function. In the real performance, a mechanical device 

will adjust the blade angle to the angle calculated below for each time-step. 

The procedure used for this calculation consists on using RITAL® Analysis Mode throughout the entire 

combustion cycle. In this mode, the inlet conditions were adjusted for every off-design point. At each 

off-design point input conditions, a simulation throughout all the beta value (from 0° till 90°) was 

made. For each simulation, two angles and therefore two functions were obtained: the first angle 

group represents the turbine total to total maximum efficiency angles, the second angle group 

represents the turbine total to static maximum efficiency angles. As both functions have very close 

angle values for each off-design points (the maximum difference is one degree), any of them can be 

used for the comparison study. 

The maximum efficiency angles for each off-design point are collected in Table 16: 

Off-design point Time Max TT Efficiency Angle Max TS Efficiency Angle 

1 5.258 86.07 86.31 

2 5.260 82.525 82.47 

3 5.261 80.52 80.36 

4 5.262 79.85 79.65 

5 5.265 80.79 80.63 

6 5.267 83.03 83.02 

7 5.269 83.87 83.91 

8 5.270 84.08 84.19 

9 5.272 84.98 85.13 

10 5.276 86.42 86.9 

Table 16: Maximum Efficiency Blade Angles 

Both curves are plotted as dependent on cycle time in Figure 58 and Figure 59 : 
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Figure 58: Maximum Total to Total Efficiency Blade Angles 

 

Figure 59: Maximum Total to Static Efficiency Blade Angle 

Both curves present the same shape and almost the same values throughout the entire cycle. In 

order to understand the function shape, the main parameters influence on the velocity diagrams and 

therefore the maximum efficiency angle are exposed now:  

 Blade Nozzle angle (βB):  the blade nozzle angle sets the absolute fluid angle at the rotor inlet 

(α2). Any other parameter except the blade angle influences the absolute fluid angle. The 

difference between the blade angle and the fluid angle are negligible at small blade speed 

angles but they increase with the blade angle due to flow separation. 

 Rotational Speed (ω): the rotational speed sets the blade speed (u) and it has no influence 

on the absolute fluid velocity (c) or the absolute fluid angle (α2). For a high blade speed and a 

constant absolute fluid velocity, the relative flow angle (β2) becomes more negative and the 

incidence losses increase when this angle is big enough. As a high absolute fluid angle 

decreases the negative value of beta and therefore the overall losses, the maximum 

efficiency blade nozzle angle increases with the rotational speed. 
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 Mass flow (ṁ): the mass flow increases the flow velocity. Neither the blade speed nor the 

absolute flow angle is affected by the mass flow. For a constant blade speed and absolute 

flow angle, an increased mass flow increases the tangential and meridional flow velocity and 

becomes beta more positive. Therefore the maximum efficiency blade nozzle angle 

decreases with the mass flow. 

 Temperature (T0): the flow temperature increases the flow velocity. Neither the blade speed 

nor the absolute flow angle is affected by the temperature. For a constant blade speed and 

absolute flow angle, a higher temperature increases the tangential and meridional flow 

velocity and becomes beta more positive. Therefore the maximum efficiency blade nozzle 

angle decreases with the temperature. 

 Total Pressure (p0): the flow pressure decreases the flow velocity. Neither the blade speed 

nor the absolute flow angle is affected by the flow pressure. For a constant blade speed and 

absolute flow angle, a higher flow pressure decreases the tangential and meridional flow 

velocity and becomes beta more negative. Therefore the maximum efficiency blade nozzle 

angle increases with the total pressure. 

Now the maximum efficiency nozzle blade angle plotted in Figure 58 and Figure 59 can be 

understood: 

i. Above 84˚: All these off design points (first, eighth, ninth and tenth) share low mass flow and 

temperatures far from the design point which leads into low absolute flow velocities. These 

low values lead to higher blade angles in order to compensate the low tangential velocity 

component and the beta angle increment as it was explained above. 

ii. Between 82˚ and 84˚: These off-design points (second, sixth and seventh) works under closer 

conditions to the average values of mass flow, temperature and pressure. Intermediate 

values of absolute flow velocities at the turbine inlet (c1) are achieved in this zone. 

iii. Below 82˚: These off-design points (third, fourth and fifth) set a drop in the maximum 

efficiency angle function. This drop is expected as they work with the highest values of mass 

flow and temperature in the entire cycle and the highest values of absolute flow velocities at 

the turbine inlet (c1) are achieved in this zone.  Beta value is not as negative as before and a 

high value for the absolute flow angle is not required as the tangential velocity component is 

already high. 

9.2 Comparison Study throughout the Cycle 

The most important comparison study in this paper is presented at this point. The total to total 

maximum efficiency angle function is compared with the performance of another two final designs in 

order to point out the power output and efficiency difference between these three turbines 

throughout the entire selected cycle. Therefore the three turbines to be compared are: 

a. Turbine with variable angle nozzle ring: this turbine uses the turbine with nozzle ring 

geometry calculated in the final design described at 8.2.1 Turbine with nozzle Ring point, and 

its blade angles follow the maximum total to total efficiency angle function described at 

point 9.1 Maximum Efficiency Angle Function. 

b. Turbine with fixed nozzle ring angle: this turbine uses the turbine with nozzle ring geometry 

calculated in the final design described at 8.2.1 Turbine with nozzle Ring point, and its blade 
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angles take a fixed angle of 80.52°. This fixed angle is the maximum total to total efficiency 

angle for the third off-design point, a point which works under the average mass flow value. 

Therefore this turbine is using the closest maximum efficiency angle to the average 

conditions. 

c. Turbine without nozzle: this turbine uses turbine without nozzle ring geometry calculated in 

the final design described at 8.2.2 Turbine without nozzle ring point. 

The efficiency and Power are plotted and explained below. Note that in all the below figures the 

turbines are working in the real cycle and not in average conditions, so the performance study now 

can be used in the result analysis. 

 

Figure 60: Comparison study, Total to Total Efficiency 

This graphic shows a total to total efficiency function bigger for the turbine with variable angle nozzle 

ring throughout all the cycle. This superiority is achieved because of several factors: 

- Better flow guidance due to the angles blades which leads in less incidence losses. 

- The nozzle ring allows the mass flow to achieve a bigger absolute flow angle at the rotor inlet 

and therefore a bigger tangential velocity and power output for the same mass flow (see 

Equation 5).  
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- The better guidance also leads in smaller absolute flow angle at rotor exit and therefore a 

smaller tangential velocity and a bigger power output for the same mass flow (see Equation 

7). 

- It should also be taken into account that beta values for the vaneless turbine were always 

much more negative, which leads in more incidence losses and less flow compensation.  

As it can be realized, the efficiency values for both vaned turbines are quite similar at the third, 

fourth and fifth off-design points. The reason for this proximity can be found in the chosen angle for 

the turbine with fixed nozzle ring angle. As it was said before, the chosen angle was the maximum 

total to total efficiency angle for the third off-design point. Looking at Figure 58, it can be easily 

deduced that the three maximum efficiency angles for those off-design points are very close, and 

therefore a quite similar performance can be expected throughout that cycle region. 

The efficiency drop close in the third, fourth and fifth off-design points suppose a combination of 

several losses and it will be deeply explained at the point 9.2.1 Turbine Losses . These turbine losses 

are plotted in Figure 61 and were calculated and checked with the total efficiency values (efficiency = 

1-losses), obtaining the same values for both the hand calculations and RITAL simulations. 

 

Figure 61: Comparison study, Turbine Losses 

Just looking at the efficiency or losses figures an idea of the variable nozzle ring benefit compared to 
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close when the variable nozzle turbine experiences its efficiency drop, but out of that zone the 

variable turbine presents a marked profit benefit.  

Another parameter which shows the variable nozzle improvement is the power the turbine can 

extract from a certain mass flow: the power output. This parameter is plotted in Figure 62 

throughout the entire cycle. Note that for every time instant the three turbines are working under 

the same conditions. 

 

Figure 62: Comparison study, Power output 

Again, the vaned turbine achieves a bigger power output throughout the cycle due to the bigger 

tangential velocity at rotor inlet, the smaller tangential velocity at rotor exit and the smaller losses. 

The graphic shape is the same for all the turbines. The graphic trends are explained below: 

i. First off-design points: the turbine is working with the highest efficiency but the mass flow 

and temperature are low as it was explained above (point 9.1 Maximum Efficiency Angle 

Function). These low parameters far from the design point set lower speeds in the turbine 

and therefore less losses but also less power output (see Equation 5). 

ii. High power off-design points: these off-design points work with conditions of high mass flow 
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power output points don’t coincide exactly with the maximum efficiency points. The reason 

is that each design point has its own mass flow, temperature and pressure and therefore 

different flow energy available, so even in points with lower efficiency the power output 

achieved can be bigger. 

iii. Last off design point: After the peak in power the mass flow and temperature decrease again 

and set values far from the design point. The performance is the same as the first points, the 

conditions are very similar. 

Note that the third off-design point presents the same power output for both the fixed and the 

variable nozzle ring turbine for the same reason explained above.   

9.2.1 Turbine Losses 

In order to understand the drop efficiency close to the third, fourth and fifth off-design points, the 

turbine losses plotted in Figure 61 are broke down in four losses type, one for each device in the 

turbine. The above mentioned losses are: 

i. Volute Losses 

Volute losses are plotted in Figure 63. This graphic shows an expected result as the volute losses are 

directly related with the flow velocity and the flow velocity is bigger at the third, fourth and fifth off-

design points due to a bigger mass flow rate, temperature and pressure. Note that the volute has 

been redesigned after the predesign in order to avoid the flow blockages in the zone of maximum 

fluid absolute velocity. Although these flow blockages are avoided, the volute still presents the 

highest losses at those points. 

 

Figure 63: Comparison study, Volute Losses 
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The bigger losses in this zone suppose one of the reasons for the total efficiency drop in the same 

zone. Figure 63  also shows that and variable nozzle ring achieves fewer losses throughout almost the 

entire cycle. 

ii. Nozzle Losses 

Nozzle ring losses are plotted in Figure 64 . All the graphic values are expected as the nozzle ring 

losses depend on the blade angle: 

a) Variable Nozzle Ring Turbine:  The bigger angles used at the furthest off-design points from 

the average conditions leads to bigger losses at the nozzle due to flow separation. The nozzle 

losses decrease in the zone of smallest blade angles  

b) Fixed nozzle ring Turbine: The fixed nozzle turbine on the other hand presents an almost 

constant function because the nozzle ring blade uses a constant value throughout all the 

cycle. 

c) Vaneless Turbine: obviously this turbine presents zero losses as it has not this device 

implemented 

 

Figure 64: Comparison study, Nozzle Ring Losses 

iii. Rotor Losses 

Rotor losses are plotted in Figure 65. These losses suppose a combination of several types of losses 

(incidence, exit kinetic, trailing edge, clearance and passage losses) and it will be deeply explained at 

the point 9.2.2 Rotor Losses. 

Looking at Figure 65, it can be easily realized that the rotor supposes the device which achieves the 

biggest losses rotor as the valued plotted in Figure 65 are much bigger than the values achieved in 

the volute, nozzle and  diffuser. 
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Figure 65: Comparison study, Rotor Losses 

iv. Diffuser Losses 

The diffuser losses throughout the entire cycle are collected in Figure 66. In the graphic it can be 

appreciated that the diffuser supposes the first device at which the losses achieve very close values 

with a very similar losses function for the three turbines.  

 

Figure 66: Comparison study, Diffuser Losses 
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The higher losses are achieved in the off-design points which present a higher maximum flow 

velocity. This is also the zone with the closest losses values. 

9.2.2 Rotor Losses 

At this point the rotor losses are broken down in five losses type. This losses combination required a 

bigger study as it supposes the biggest drop efficiency in the entire turbine: 

i. Incidence Losses 

The rotor incidence losses are plotted in Figure 67 and suppose the best example of the variable 

nozzle ring benefit compared to the other turbines. These losses sets the highest rotor losses  but the 

better guidance achieved by the variable nozzle ring turbine allows a reduction of these losses to 

almost zero  throughout all the cycle, while the vaneless and the fixed vane turbines achieve losses of 

0,25 and 0,15 at the worst case. This losses has a high impact on the total to total efficiency 

difference between the turbines, and therefore at the power output. 

 

Figure 67: Comparison study, Rotor Incidence Losses 
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Exit kinetic energy losses are plotted in Figure 68. As it was expected, the highest kinetic energy 

losses are found at the off-design point with the highest velocity. The kinetic energy losses are bigger 

for the vaned turbines at this area, but the differences achieved are very low. 

 

Figure 68: Comparison study, Rotor Exit Kinetic Energy Losses 

iii. T.E. Losses 

 

Figure 69: Comparison study, Rotor t.e. Losses 
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T.e. losses are defined as the rotor efficiency losses due to blade trailing edge loss. The same shame 

and similar values are observed in all the functions of Figure 69, with the highest losses values in the 

highest flow velocity points. 

iv. Rotor Clearance Losses 

Rotor clearance losses are plotted in Figure 70 and they are defined as the rotor efficiency losses due 

to blade clearance loss i.e. losses due to the flow over the rotor blade tips which does not contribute 

to the energy transfer. These losses are directly related to the incidence angle and therefore the drop 

close to the design zone (with lower blade angles) is expected. The impact on the rotor and total to 

total efficiency of these losses is low as the values observed in Figure 70 are the lowest in the entire 

turbine. 

 

Figure 70: Comparison study, Rotor Clearance Losses 

The only two geometrical parameters which were not collected in Table 9 and Table 10 and have 

influence on these losses are the geometrical clearances. These values were not changed from the 

default values and therefore are taking under RITAL® recommendations: 

- Axcl: Axial Clearance = 75.67 μm 

- Rcl: Radial Clearance =  75.67 μm 

- kBFcl: Back Face Clearance  = 0 μm 
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v. Passage losses 

Rotor passage losses are plotted in Figure 71 and they lead to shock waves originated by Mach 

numbers bigger than the critical Mach number and therefore they are related with the flow absolute 

velocity. The highest values achieved at the third, fourth, fifth and sixth values are therefore 

expected. 

 

Figure 71: Comparison study: Rotor Passage Losses 

9.3 Turbine with Variable Nozzle Ring Angle Study 

At this point, all the efficiency losses for the variable nozzle ring turbine explained above are plotted 

and analyzed in Figure 72 and Figure 73. 

Figure 72 collects all the device losses. The trends achieved in the turbine losses are: 

i. All the devices except the nozzle experience a loss increase under the zone of highest 

absolute flow velocities defined in Figure 58.  

ii. The nozzle experience a loss decrease in the area with the lowest angle blade values 

As it was explained before, Figure 72 shows that the rotor is the device which generates more losses 

as it has to transform the mass flow energy into mechanical output power 

Figure 73 collects all the rotor losses and its trend throughout the cycle. Several conclusions can be 

concluded: 

i. All the rotor losses except the incidence losses experience an increase under higher 

velocities.  

ii. The incidence losses achieve almost zero values throughout the entire cycle. 

It may seem that the incidence losses are normally one of the lowest losses in the rotor but this 

affirmation is only true in the variable nozzle ring turbine as the blade angles change in order to 
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achieve a better guidance. For the rest of turbine the incidence would have supposed the highest 

losses in the rotor (look at Figure 67). 

 

Figure 72: Variable Nozzle Ring Turbine Losses 

 

Figure 73: Variable Nozzle ring Turbine Losses at the Rotor 
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While incidence losses suppose the main rotor losses in the vaneless and the fixed nozzle turbine, 

only the clearance losses achieve smaller values than the incidence losses in the variable nozzle ring 

angle, another evidence of the better guidance achieved in the variable nozzle ring. 

9.4 Turbine with Fixed Angle 

At this point, the fixed nozzle ring turbine is studied throughout the entire combustion cycle with 

different blade angles in order to understand the flow behavior. The efficiency distribution is plotted 

in Figure 74:  

 

Figure 74: Turbine with Fixed Angle Efficiency (different angles) 

The different zones represented in Figure 74 and its trends can easily be understood looking at the 

maximum efficiency blade angle plotted in Figure 58: 

a. Zone a: Off-design points which share low mass flow and temperatures which lead into low 

absolute flow velocities. These properties are far from the design point and therefore a 

higher blade angle (which sets a higher absolute flow angle) is required in order to increase 

the tangential velocity component. As it can be appreciated, the graphics with the highest 

angles achieve the better efficiency. 
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b. Zone b: Off-design points which share the highest mass flow, temperatures and pressures 

which lead into the highest absolute flow velocities. The maximum efficiency blade angle are 

not so big because : 

 Tangential component is already big enough 

 In zones of high absolute flow velocity, the blade angle increases the trailing edge, 

passage, kinetic, and above all, the nozzle ring losses in a more dramatic way as in 

zones with lower flow velocity. The increase in the tangential component does not 

compensate the increase in those losses and therefore a smaller angle achieves a 

better performance.  

c. Zone c: same behavior as the zone a. Higher blade angle achieve a better performance as the 

increase in the tangential velocity component is bigger than the losses increase because the 

turbine is working with low flow velocities. 

The power output is also studied throughout the entire combustion cycle following the same angle 

distribution. The results are plotted in  

 

Figure 75: Turbine with Fixed Angle Power output (different angles) 

The more blade angle increases the power output as the tangential velocity component increases as 

well. I can seem that the power output growth has not limit, but after 82 degrees fluid blockages 

were achieved in the zone of maximum absolute flow velocity (third fourth and five). Make the 

comparison study with such a big blade angle wouldn’t be realistic as such a limit situation would 

never be chosen in a real performance.  High blades angles achieve better power output but increase 

the risk of achieve fluid blockages as they decrease the cross section area.  
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10. Analysis Result  

At this point the results obtained above are used to estimate the profit margin achieved for the 

variable nozzle ring angle at the turbine inlet. 

As it was said above, a turbocharger uses the exhaust gas energy to increment the intake air 

pressure, which results in a higher density and therefore a greater mass of air entering for the same 

cylinder volume. This induction allows a proportional increase in the fuel that can be burned and, 

therefore, the power output.  

As it was shown in Figure 60, the variable angle nozzle ring achieves a higher efficiency throughout 

the entire combustion cycle compared to the fixed or vaneless turbine. This performance is plotted in 

Figure 76 and Figure 77  and includes a comparison study for both efficiency and power output 

throughout the entire cycle. The results are expressed in terms of percentage.  

 

Figure 76: Efficiency Comparison Study (%) 

 

Figure 77: Power Comparison Study (%) 
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The figures plotted above also show the weighted time average values for both the power and 

efficiency improvement percentages, obtaining the results collected in Table 17: 

 
Variable Angle turbine 

compared to Fixed Angle 
Variable Angle turbine 

compared to Vaneless Turbine 

Efficiency improvement 4.62 % 17.8 % 

Power improvement 24.9 % 73.4 % 

Table 17: Conclusions Table 

This efficiency improvement in the turbine leads to a higher output power for the same exhaust mass 

flow and therefore a better energy recovery. This energy recovery improvement leads into an 

economic impact than can be analyzed as: 

 Downsize the Engine 

 Increase the power output 

 Reduce the fuel consumption 

10.1 Downsize the Engine 

If the traction demand doesn’t increase (the required engine power output is not higher), the turbine 

power output improvement can lead into a smaller engine and therefore a higher volumetric 

efficiency. The turbine extra power output will lead into a higher density in the intake air and 

therefore more fuel can be burnt for the same volume, or in this case, less volume is required to burn 

the same amount of fuel. 

10.2 Maximum Engine Power Output Increase 

At this point the normal configuration for turbochargers is exposed. As it was explained at 1.1 

Turbocharger point, the main target of a turbocharger is to increase the amount of burnt fuel by 

increasing the air density. This increase in the fuel mass flow introduced in the combustion chamber 

allows the engine to transform more chemical energy into mechanical power in the crankshaft, but 

under the low efficiency of the internal combustion engines. So unlike what is stated in the previous 

paragraph, in this configuration the engine size remains constant and therefore the engine power 

output increases. 

10.3 Reduction of Fuel Consumption 

The turbine power output can also be used in order to reduce the fuel consumption. Following this 

line, two configurations are exposed: 

i. Power directly implemented in the crankshaft 

The turbine can be directly connected to the crankshaft by a belt or a chain. Note that in this 

configuration the power output is increased without burning more fuel and therefore the fuel 

consumption is reduced, but the mechanical losses in the connection between the turbine and the 

crankshaft should be taken into account. 
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ii. Electricity Generation 

The energy generated in the turbine can be used for electric generation by using a generator 

connected to the turbine, later on this energy can be stored in a battery system and it can therefore 

be used for both feeding the auxiliary systems devices and mechanical power generation. This 

system was already studied and tested by David Espada in his research about the exhaust gas energy 

recovery. (Espada) 

Espada´s proposed configuration is shown in Figure 78: 

  

Figure 78: Electric Generation Configuration (Espada) 

Note that the current energy system controls of modern cars like the hybrid system of TOYOTA 

Prius® handle to control much more energy conversion throughout the car with minimum losses (two 

motor, one internal combustion engine and one battery system). The system proposed at this point 

can be easily designed with the current technology. 

In this paper an economic impact will be calculated after running the simulation of a truck driving 

with a speed of 100 km/h during 1 hour.  

This economic study developed at this point is based on the power output that can be saved per 

combustion cycle compared to the vaneless and the fixed nozzle ring turbine. By using Equation 41, 

the energy saved per combustion cycle is calculated: 

Energy [J] =  ∫ [𝑃𝑒𝑥𝑡𝑟𝑎(𝑡)]1
2 (𝑊) ∗ 𝑑𝑡 (𝑠) 

𝑡2

𝑡1

 Equation 41 

Where [Pextra (t)]12 represents the saved power as a dependent on time function between the first 

and the second point for each time lag, i.e., the difference between the variable angle and vaneless 

or the fixed angle turbine. These functions are calculated by using a linear regression between the 

first and the second point for each time lag following the graphics shown in Figure 62 . Therefore the 

saved energy expression is: 

Energy [J] =  ∑
[𝑃𝑒𝑥𝑡𝑟𝑎(𝑡𝑖+1) + 𝑃𝑒𝑥𝑡𝑟𝑎(𝑡𝑖+1)](𝑊) ∗ [𝑡𝑖+1 − 𝑡𝑖+1](𝑠)

2
 

9

𝑖=1

 Equation 42 
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I.e. as the saved power has been calculated as linear function, the saved energy represents the sum 

of all the areas of the rectangles with the time lag as width and the average power at that time lag as 

height. 

The energy losses in Espada’s configuration are now exposed as efficiency drops: 

- In an internal combustion engine  only the thirty percent  of the chemical energy introduced 

in the combustion chamber  is converted into mechanical power in the crankshaft: 

𝜂𝑖𝑐𝑒 = 0,33 

- The speed and torque conversion in the reducer: 

𝜂𝑟𝑒𝑑 = 0,95 

- The conversion from mechanical to electrical energy in the generator: 

𝜂𝑔𝑒𝑛 = 0,91 

- The battery storage and conversion energy to suitable values for the electrical motor:  

𝜂𝑏𝑎𝑡 = 0,91 

- The new conversion from electrical to mechanical energy in the electrical motor: 

𝜂𝑚𝑜𝑡𝑜𝑟 = 0,91 

The methodology for the reduction in fuel consumption following Espadas’s configuration is exposed 

bellow. First of all, the traction power which would be generated by this extra power in the electrical 

motor is: 

𝑃𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 [kW] (𝑡) = 𝑃𝑒𝑥𝑡𝑟𝑎(𝑡) ∗ 𝜂𝑟𝑒𝑑 ∗ 𝜂𝑔𝑒𝑛 ∗ 𝜂𝑏𝑎𝑡 ∗ 𝜂𝑚𝑜𝑡𝑜𝑟  Equation 43 

This power requires an amount of mechanical energy which would be generated in the combustion 

chamber. The required mechanical energy per cycle can be expressed as: 

𝐸𝑡𝑟𝑎𝑐𝑐𝑖𝑜𝑛 [J] =  ∑
[𝑃𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛(𝑡𝑖+1) + 𝑃𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛(𝑡𝑖+1)](𝑊) ∗ [𝑡𝑖+1 − 𝑡𝑖+1](𝑠)

2
 

9

𝑖=1

 Equation 44 

The reference internal combustion engine uses diesel as fuel. Using the diesel energy density, the 

amount of fuel that would have been required to produce this traction energy per cycle can easily be 

obtained. The expression is presented in Equation 45: 

E = 𝑚𝑑𝑖𝑒𝑠𝑒𝑙 ∗ ℎ𝑑𝑖𝑒𝑠𝑒𝑙 ∗ 𝜂𝑖𝑐𝑒  ⇔   

𝑚𝑑𝑖𝑒𝑠𝑒𝑙 =
𝐸
ℎ𝑑𝑖𝑒𝑠𝑒𝑙 ∗ 𝜂𝑖𝑐𝑒
⁄     Equation 45 

Diesel energy density value is taking following Demirel’s research about the sustainable energy 

systems which can be used across engineering (Demirel, 2012): 

ℎ𝑑𝑖𝑒𝑠𝑒𝑙 = 43.1 𝑀𝐽/𝑘𝑔 
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Fuel price experiences high variations throughout the year and the country. The current Diesel price 

value is taking in Sweden on the 13th of July following the global diesel price variations statistics 

collected by the Global Petrol Prices Organization. (Valev, 2015) 

𝑝𝑑𝑖𝑒𝑠𝑒𝑙 = 1.42 €/𝑙𝑖𝑡𝑒𝑟 

Taking into account that the combustion cycle consists of 6 cycles as it was explained at point 7.1 

Choice of cycle, and that the truck is going to drive during one hour at 100km/h, defined as “way” in 

Table 18 that summarizes the economic impact:  

Type of Comparison study Saved Fuel  Economic Impact 

Compared to Fixed Angle Nozzle 2,45 kg/way 4,19 €/way 

Compared to Vaneless Turbine 6,52 kg/way 11,1 €/way 

Table 18: Economic Impact 
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11. Conclusions 

At this paper a variable nozzle ring turbine has been designed in order to achieve the best 

performance for a given engine exhaust gas conditions and trying to keep a geometrical relation with 

the reference turbine with the aim of achieving a better comparison study. 

The results shown than more mechanical energy can be extracted from the exhaust mass flow by 

implementing this device. The better guidance achieved due to the variable blade angle leads to less 

turbine losses. The less turbine losses, the more efficiency and therefore the more power output for 

the same mass flow energy. 

It has also been proved that higher fluid velocities require smaller absolute flow angles and therefore 

smaller blade angles because the power increment due to a higher tangential velocity doesn’t 

compensate the losses increment at the nozzle ring, the trailing edge or the passage. 

Although a further study for all the engine operations points should be made, the exhaust gas energy 

studied at this paper experiences high variations and the nozzle ring has shown a better performance 

than the other turbines throughout all those exhaust gas conditions, so probably the same behavior 

and benefit will be achieved in the other engine operation point. 

Internal combustion engines have been a studied and improved for years, and as the time goes by 

the profit margin becomes smaller. This study sets the first step for the implementation of the 

control system developed at this paper for variable nozzle rings in turbochargers and can probably 

leads to another real and smaller improvement.   
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12. Future Works 

This work sets the first step for the implementation of the control system developed at this paper. 

The simulations have shown an performance improvement of 4.62% and 17.8% regarding efficiency, 

and 24.9% and 73.4% regarding Power output (see Table 17). But before implementing in real 

turbochargers under real internal combustion engines exhaust conditions several works are required: 

a. Mechanical Device: Obviously the mechanical device able to change the blade angle should 

be designed. When calculating this device, several factors should be taken into account: 

- Fast response: the device should be able to meet the required maximum efficiency angle 

on time. As it was explained in Figure 58, the mechanical device should be able to 

change 6 degrees in 4.6 milliseconds. 

- Wide Range: as the exhaust conditions experience huge variations depending on the 

road requirements (weight, speed and atmospheric air conditions) the device should 

cover a wide range of angles. 

- Extreme conditions: it should be able to endure the exhaust gas conditions without 

deterioration. These conditions mean not only high temperatures and pressures but also 

high temperature and pressure variations throughout the entire cycle. These 

fluctuations lead into mechanical stress that the blades should endure. 

- Vibrations:  As it was said above, the mechanism should meet the required angle on 

time, but this achievement should be made with minimum vibrations. The more 

vibrations will lead in a worse guidance and therefore more incidence losses. Note that 

the extreme conditions and its fluctuations mentioned above can also lead to small 

variations that the device should avoid. 

b. Engine operation points:  This work has calculated the best efficiency angle for a combustion 

cycle of just one single engine operating point. The complete control system should meet the 

entire engine operation diagram as the shown in Figure 3. 

c. Turbine speed study: As one of the targets of this work was to make a comparison study, the 

rotational speed was keep constant and equal to the reference turbine. Now the comparison 

study is done and the profit has been demonstrated, the rotational speed can be decreased 

in the zones of minimum flow velocities in order to obtain a velocity diagram with a lower 

beta value for the same alpha, and therefore to achieve a higher efficiency.  

d. Additional devices: for really extreme mass flow rates maybe a waste gate as the mentioned 

at 1.2 Active Control in Turbocharger can be studied and implemented. This valve can reduce 

the wide range of blade angles the device has to match.  

e. Unsteady conditions: In this work an assumption of steady conditions was made.  A further 

study should take into account the unsteady conditions caused by the short length of the 

cycles. The fluid has been supposed to have time enough to adapt a particular angle change 

without fluid distortion. The best efficiency angle should be recalculated with the changes 

derived from the dynamic unsteady conditions.  
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Appendix I. Project Organization and Social Responsibility 

I.1 Personal Planning 

In this headland the project organization is analyzed. This analysis includes both the breakdown 

project into smaller tasks and the time length of every part. A study with the most critical phases is 

also included. 

I.1.1 Project Breakdown Structure 

At this point the six main project points are broken down into shorter and more measurable and 

achievable task. Later these tasks relations and lengths are studied. 
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I.1.2 Block Diagram  
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The nomenclature followed in each box is described in Figure 79. Note that each time parameter is 

expressed in term of weeks: 

 

Figure 79 : Project Breakdown Structure Box 

 P: Process name 

- PD: Project Definition 

- LS: Literature Study 

- GM: Gas Modeling 

- IC: Inlet Conditions 

- ND : Non-Dimensional Numbers 

- PDA: Pre-Design analysis 

- ODP: Off-Design Points 

- NR: Nozzle Ring 

- FGA: Final Geometry Analysis 

- CS: Comparison Study 

- VA: Variable Angle 

- FA: Fixed Angle 

- RA: Result Analysis 

 L: Process Length (number of weeks). 

 ES: Earliest Start: The earliest an activity can initiate, based on the logic of the project. 

 EF: Earliest Finish: The earliest an activity can finish, based on the logic of the project. 

 LS: Latest Start: The latest an activity can start without delaying the conclusion of the project, 

based on late-term. 

 LF: Latest Finish: The latest an activity can finish without delaying the conclusion of the 

project, based on late-term. 

 Cf: Free clearance:  The maximum delayed available in a process in order not to can delay the 

next activity  = ESi+1 - EFi 

 Ct: Free clearance:  The maximum delayed available in a process in order not to can delay the 

project = LFi – EFi = LSi - ESi 

 Red way: The critical path, defined as the sequence of process with zero total clearance.  

I.1.2 Gantt´s Diagram 

Another way to analyze the project length is by using a Gantt´s Diagram as the plotted in Figure 80. In 

a Gant´s diagram, both the stages duration and relations can be appreciated in the real calendar. The 

critical path is plotted with oblique lines. Note that the critical path can match more than one activity 

at the same time, meaning that two activities are critical at the same time. Luckily this is not this 

study case. 
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Figure 80: Gantt´s Diagram 
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Every stage length is also collected in Table 19: 

Task Length (weeks) Beginning End 

Project Definition 1 26/01/2015 3/02/2015 

Literature Study 4 4/02/2015 12/02/2015 

Gas Modeling 1 13/02/2015 4/03/2015 

Inlet Conditions 2 5/03/2015 24/03/2015 

Non-Dimensional Numbers 1 5/03/2015 13/03/2015 

Pre-Design analysis 2 25/03/2015 13/04/15 

Off-Design Points 2 14/04/2015 1/05/2015 

Nozzle Ring 1 14/04/2015 22/04/2015 

Final Geometry Analysis 2 4/05/2015 21/0/2015 

Comparison Study 3 22/05/2015 19/06/2015 

Variable Angle 1 22/05/2015 1/06/2015 

Fixed angle 1 22/05/2015 1/06/2015 

Result Analysis 2 22/06/2015 9/07/2015 

Table 19: Phases Length 

I.2 Budget 

In this section the project budget is presented.  The total budget is calculated by breaking down the 

project work into two different cost types (direct and indirect cost). Both parts are deeply explained 

bellow. Note that the purpose of this analysis is not the optimization of the project cost, but only the 

estimation of the project budget. Although optimization is not the goal of section, this analysis can 

lead into a better understanding of a thesis budget and therefore future works can be optimized. 

I.2.1 Direct Cost 

The direct cost is calculated as the cost derived from the direct development of the project. The main 

direct cost in a project which consists mainly in software simulations is the salary of the engineer 

working on it. Therefore the direct cost can be calculated as explained below 

According to Payscale organization, the average salary of a mechanical engineer in Sweden (the 

country where the project was developed) is 42.784 €/year. If we also take into account that average 

number of working days per year in Sweden is 249, the salary earned per day by an industrial 

engineer per day would be: (Metzger) 

𝑝 =
42.784 €

247 𝑑𝑎𝑦𝑠
= 173 € 𝑑𝑎𝑦𝑠⁄  

Looking at I.1.2 Block Diagram point, the total time required for the project is set as 19 weeks. With 

this length the direct cost can finally be calculated: 

𝑐𝑑 = 173 € 𝑑𝑎𝑦𝑠⁄ ∗ 19 𝑤𝑒𝑒𝑘𝑠 ∗ 5
𝑑𝑎𝑦𝑠

𝑤𝑒𝑒𝑘
⁄ = 16.435 €  
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I.2.1 Indirect Cost 

The indirect cost is calculated as the cost derived from the indirect development of the project. This 

type of cost does not vary substantially within certain production volumes or other indicators of 

activity, and so it may sometimes be considered to be a fixed cost. The main indirect cost in a project 

which consists mainly in software simulations includes: 

 Coordinator salary 

 International coordinator salary 

 Bureaucratic issues 

 Telecommunication cost 

 Office equipment 

 Office services 

Following Heinrich research, the indirect cost are directly related with the direct cost by applying an 

economic factor α, whose value can oscillate depending on the kind of project. In his research 

Heinrich set an average value of 8 for this parameter. Therefore the indirect cost can be calculated 

as:  (Menéndez, Fernández, Llaneza, Vázquez, Rodriguez, & Esposo, 2007) 

𝑐𝑖 = 
𝑐𝑑
𝛼
= 

16.435 €

8
=  2.054 € 

I.2.1 Total Cost 

Total cost supposes the addition of the direct and the indirect costs calculated above. All the costs 

are collected in Table 20. 

Concept Cost 

Direct cost 16.435 € 

Indirect cost 2.054 € 

Total cost 18.490 € 

Table 20: Project Cost Table 

I.3 Social Responsibility 

By last, the aspects related to social and professional responsibility for the practice of engineering in 

this practice are analyzed. As it was said at 1.1 Turbocharger and 10.3 Reduction of Fuel 

Consumption points, a turbocharger increases the overall engine efficiency. This improvement leads 

into a reduction in the fuel consumption, which set the following social consequences: 

 Saving money: when less fuel is required for a certain power output the overall fuel 

consumption is reduced for the same traction requirements. 

 Emission reduction: As it was said above, largest part of the exhaust products in an internal 

combustion engine are CO2, N2 and H2O. But beside these non-toxic gases and, a small 

percentage of unsafe gases are also found in the product gases. These undesirable gases are 

mainly composed by: hydrocarbons (CxHy), nitrogen oxides (NO and NO2), volatile organic 

compounds, ozone O3, carbon monoxide (CO) and particle matter as soot. As it is known, 

http://en.wikipedia.org/wiki/Hydrocarbon
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these products have direct consequences in people health, are the main reason for pollution 

in big cities and contribute to global warming. 

 Less dependent on fossil energy sources: human race is becoming more and more dependent 

on fossil energy sources as more cars are manufactured and more factories are opened. 

These sources are not everlasting and are the main reason of the current global warming. 

Taking into account that even the smallest fuel saving in internal combustion engines can lead into a 

huge saving when measuring all over the world, and as the profit margin presented at point 10.3 

Reduction of Fuel Consumption achieved remarkable improvements, the system control proposed at 

this paper would lead into a huge global fuel saving.  Such a reduction in the fuel consumption would 

bring huge benefits for people health and the environment all over the world. 


