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ABSTRACT 

In today's world, governments and regulatory bodies are increasingly confronted with 

pressing environmental concerns, tightening the emission limits in response. As a result, the 

automotive industry faces a technological challenge, with a growing awareness of its impact 

on the climate crisis and the urgent need to mitigate vehicular emissions by implementing new 

strategies and innovations. This is particularly pertinent in the realm of heavy-duty diesel 

vehicles, which play a substantial role in commercial transportation and industrial activities, 

and need to comply with various standards that are region dependent.  

Future emissions regulations [EPA27, EuroVII], focus on further reduction of nitrogen 

oxides [NOx], carbon dioxide emissions [CO2] and other particulates with a specific focus on 

the cold start. Aftertreatment systems have been the center of attention with continuous 

improvements being made in order to increase their efficiency and to minimize the time 

required to reach optimal operating temperatures.  

Turbochargers have become integral components of modern internal combustion 

engines, offering improved performance and efficiency. However, their potential as thermal 

energy sources for aftertreatment systems remains underutilized. This thesis investigates the 

feasibility and effectiveness of harnessing the turbine outlet flow from turbochargers to 

expedite the heating process of aftertreatment systems. Through a comprehensive study 

combining Computational Fluid Dynamics (CFD) and physical testing, a robust turbine model is 

produced and validated followed by a preliminary approach in modelling the aftertreatment 

system. The behavior of the turbocharger - catalyst system is examined in an attempt to 
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monitor the effects of the by-pass valve’s positioning to the catalyst light-off time. The results 

reveal the potential for substantial heat recovery from the exhaust gases, which can 

significantly reduce the warm-up time required for aftertreatment components. 

Ultimately, the present Diploma thesis addresses a sustainable solution to enhance the 

aftertreatment’s efficiency contributing to the automotive industry’s attempts towards a 

cleaner, more environmentally responsible future. 

Key words: turbochargers, after treatment, emission standards, automotive industry, climate 

change, turbine flow, turbocharger, SCR, porous media, wastegate, by-pass valve, 

Computational Fluid Dynamics, ANSYS CFX 
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ΠΕΡΙΛΗΨΗ 

Την σήμερον ημέρα, οι κυβερνήσεις καθώς και οι αντίστοιχες ρυθμιστικές αρχές 

έρχονται ολοένα και περισσότερο αντιμέτωπες με αυξανόμενες περιβαλλοντικές ανησυχίες, 

οδηγώντας στην επιβολή αυστηρότερων ορίων εκπομπών. Ως αποτέλεσμα, η 

αυτοκινητοβιομηχανία, έχοντας επίγνωση του περιβαλλοντικού αντίκτυπου που επιφέρει, 

αντιμετωπίζει μια τεχνολογική πρόκληση με στόχο να μετριάσει τις εκπομπές των οχημάτων 

εφαρμόζοντας νέες στρατηγικές και καινοτομίες. Αυτό αφορά ιδιαίτερα τα ντίζελ οχήματα 

επαγγελματικής χρήσεως, τα οποία κατέχουν σημαντικό ρόλο στις εμπορικές μεταφορές και 

τις βιομηχανικές δραστηριότητες και πρέπει να συμβαδίζουν με τα διάφορα πρότυπα 

εκπομπών, διαφορετικά ανά περιοχή.  

Τα μελλοντικά πρότυπα εκπομπών [EPA27, EuroVII] επικεντρώνονται στην περαιτέρω 

μείωση των οξειδίων του αζώτου [NOx], των εκπομπών διοξειδίου του άνθρακα [CO2] και 

άλλων σωματιδίων με ιδιαίτερη έμφαση στην εκκίνηση με ψυχρό κινητήρα. Κέντρο του 

ενδιαφέροντος αποτελούν τα συστήματα μετεπεξεργασίας ,καθώς γίνονται συνεχείς 

προσπάθειες  για την αύξηση της αποδοτικότητάς τους και την ελαχιστοποίηση του χρόνου 

που απαιτείται ώστε να επιτευχθεί η βέλτιστη θερμοκρασία λειτουργίας . 

Οι στροβιλοσυμπιεστές έχουν γίνει αναπόσπαστα εξαρτήματα των σύγχρονων 

κινητήρων εσωτερικής καύσης, προσφέροντας βελτιωμένη απόδοση και αποδοτικότητα. 

Ωστόσο, οι δυνατότητές τους ως πηγές θερμικής ενέργειας για τα συστήματα 



 

viii | P a g e  

 

μετεπεξεργασίας παραμένουν ανεκμετάλλευτες. Η παρούσα διατριβή διερευνά, πρωτίστως 

τη δυνατότητα , και εν συνεχεία  την αποτελεσματικότητα της αξιοποίησης της ροής εξόδου 

των καυσαερίων από την τουρμπίνα, για την επιτάχυνση της διαδικασίας θέρμανσης του 

καταλύτη. Μέσω μιας ολοκληρωμένης μελέτης που συνδυάζει υπολογιστική ρευστοδυναμική 

(CFD) και φυσικές δοκιμές, παρατίθεται και αξιολογείται ένα αξιόπιστο μοντέλο τουρμπίνας, 

το οποίο συνοδεύεται από μια πρωταρχική προσέγγιση στη μοντελοποίηση του συστήματος 

μετεπεξεργασίας. Η συμπεριφορά του συστήματος στροβιλοσυμπιεστή - καταλύτη μελετάται 

σε μια προσπάθεια παρακολούθησης των επιδράσεων της γωνίας  της βαλβίδας παράκαμψης 

στο χρόνο ανάφλεξης του καταλύτη. Τα αποτελέσματα που προκύπτουν, αποκαλύπτουν τη 

δυνατότητα σημαντικής ανάκτησης θερμότητας από τα καυσαέρια, η οποία μπορεί να 

μειώσει σημαντικά τον απαιτούμενο χρόνο προθέρμανσης. 

Εν κατακλείδι, , η παρούσα διπλωματική εργασία πραγματεύεται μια βιώσιμη λύση 

για τη βελτίωση της απόδοσης του καταλύτη, συμβάλλοντας στις προσπάθειες της 

αυτοκινητοβιομηχανίας για ένα καθαρότερο, περιβαλλοντικά υπεύθυνο μέλλον. 

 

Λέξεις κλειδιά: υπερσυμπιεστές, μετεπεξεργασία, πρότυπα εκπομπών καυσαερίων, 

αυτοκινητοβιομηχανία, κλιματική αλλαγή, ροή στροβιλοσυμπιεστή, καταλύτης, πορώδη 

μέσα, βαλβίδα παράκαμψης, Υπολογιστική Ρευστοδυναμική, ANSYS CFX 
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1. Introduction 

Turbocharging technology has established itself as synonymous with enhanced engine 

capabilities and reduced emissions, thus solidifying turbochargers as pivotal components in 

internal combustion engines for many years. Their potential is yet to be fully explored, as new 

technological advancements are continuously being made striving for better performance. 

Except for the active ways a turbocharger can aid in the emission’s reduction, there are passive 

ways to further profit form their operation, one of which will be explored in this thesis. 

Extensive research has been conducted on the utilization of the by-pass flow for 

aftertreatment heat-up in passenger vehicles, with research contributions from both Garrett’s 

database and independent studies. However, when it comes to commercial vehicles 

applications, this concept represents a relatively new frontier, involving distinct challenges and 

parameters. These challenges span from the intricacies of the turbocharger simulation itself, 

to the integration of the Selective Catalytic Reactor (SCR). 

The scope of the thesis is the modelling and simulation of a SCANIA CBE1, twin-scroll 

turbocharger with an internal wastegate, and the in-depth analysis of the stationary flow. The 

interaction of the exhaust gases with the catalyst will be studied with respect to different 

optimization goals. By reviewing similar studies and utilizing the acquired knowledge from 

passenger vehicles applications, while taking into consideration all the commercial vehicles’ 

(CV) specific parameters, a design of experiment (DOE) will be created.  

The remainder of this diploma thesis is divided into five sections covering the Chapters 

2-6, respectively.  

In Chapter 2, a turbocharger overview is presented along with the corresponding 

components and types. The basics of turbocharging are analyzed comprehensively, and the key 

characteristics explained in relation to the compressor and turbine maps. At the end of the 

chapter, the different control strategies are discussed with an emphasis on wastegates. 

In Chapter 3, the design of experiment is realized. Based on available resources and 

internal experience, the simulation’s parameters are decided for the stand-alone turbocharger 

model. The geometry preparation is shown and the meshing approach along with the mesh 

characteristics are outlined. 



 

2 | P a g e  

 

Chapter 4 is divided into three subchapters, each one featuring a case study. In Section 

4.1, the grid Independence study is presented which evaluates the meshing strategy described 

in the previous chapter. Following the completion of the setup, in Section 4.2, a physical test is 

presented, and the turbine map is generated. The data are compared to the derived simulation 

values and the turbocharger evaluation is finalized. Two models are prepared to analyze the 

effect of the pipe length in obtaining realistic outputs. Finally, in Section 4.3, an in-depth 

examination of the wastegate opening angles and their effects on the turbocharger is 

conducted. 

In Chapter 5, the aftertreatment is introduced. Based on literature review, a final model 

is prepared and explained before the assembly with the turbocharger. The final model, after 

examining different boundary conditions, is tested again in a variety of wastegate openings, 

followed by an investigation of the flow regime. 

The conclusions of the thesis along with recommendations for future work are also 

presented in Chapter 6. 

 

2. Turbochargers: Overview 

Turbochargers are widely used in the automotive industry and play a crucial role in 

enhancing the performance and efficiency of internal combustion engines. Turbochargers are 

operating on the principles of exhaust gas energy recovery through the turbine which is then 

translated into kinetic energy that powers a compressor, feeding the engine’s cylinders with 

compressed air. The introduction of compressed air significantly boosts engine power output 

without the need for a larger displacement engine by optimizing the air-fuel ratio and the 

overall combustion process. Turbocharging of ICEs has led to better packaging due to 

downsizing, reduction in weight, and overall improved fuel economy by reducing the specific 

fuel consumption. 

In summary, the operation is as follows [Figure 1]:  

 

 The fuel is burned in the combustion chamber producing exhaust gases that pass 

through the exhaust manifold (5) during the cylinder’s exhaust stroke. The hot gases enter the 

turbine housing through the inlet (6). The turbine wheel transforms the thermal and kinetic 
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energy of the gases into mechanical energy by slowing them down resulting in a pressure and 

temperature drop (expansion). This kinetic energy is translated into the rotation of the 

connecting shaft driving the compressor wheel. The ambient air passes through an air filter 

before entering the compressor inlet (1). Inside the compressor, the air is sped up and forced 

into the volute which pressurizes it increasing its potential energy. The compressor discharge 

(2) is then redirected to the intercooler (3) which further increases its density by cooling it, 

while also increasing its resistance to detonation. Finally, the dense air enters the cylinders 

through the intake manifold (4).  

 

Figure 1 Turbocharger Operation [2] 

 

To gain a better understanding of the effects of turbocharging, it is necessary to 

investigate the compression and expansion processes separately. For the sake of simplicity, an 

assumption is made that the internal processes in the turbine and compressor stages are 

described by adiabatic expansion and compression, respectively. Both processes occur in an 

open thermodynamic system without any heat exchange with the surroundings. This 

assumption is valid because of the flow character inside the volutes. As the processes happen 

very quickly compared to the time it takes for the gas to reach thermal equilibrium, the 1st 

Thermodynamic Law is applicable. 

 

𝑄̇ − 𝑊𝑥̇ = 𝑚̇Δℎ0    with  𝑄̇ = 0   leading to  −𝑊𝑥̇ = 𝑚̇Δℎ0 
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Eq. 1 

For turbines that produce work the power is described as  𝑃𝑡 = 𝑊𝑥̇ , 

whereas for compressors that absorb work the relation becomes 𝑃𝑐 = −𝑊𝑥̇  [1]. 

 

In the realm of thermodynamics, fluid flow properties can be categorized into two 

primary groups: static and total (also known as stagnation). The concept of total fluid 

properties stems from the idea of isentropic flow deceleration, which, in line with Bernoulli's 

principle, corresponds to an increase in potential energy. In terms of enthalpy, this 

relationship can be expressed as follows [45]: 

  ℎ0 = ℎ +
1

2
 𝑐2    

Eq. 2 

Here, ℎ0 [J/(kg∙K)] represents the total (or stagnation) specific enthalpy, ℎ [J/(kg∙K)] is the 

static specific enthalpy, and 𝑐 [m/s] denotes the flow velocity with  
1

2
𝑐2  describing the kinetic 

energy. Assuming also ideal gas properties the enthalpy ℎ can be expressed as  ℎ = 𝐶𝑝𝑇  and 

the equation 1 can be rewritten as: 

−𝑊𝑥̇ = 𝑚̇[cP𝛥𝛵 +
1

2
(𝑐2

2 − 𝑐1
2)] ≈ 𝑚̇cP𝛥𝑇 

Eq. 3 

Furthermore, by utilizing the adiabatic isentropic relationship 
𝑝

𝜌𝛾 = 𝑐𝑜𝑛𝑠𝑡  [1] along 

with the ideal gas assumption, it is derived: 

𝑇02𝑠

𝑇01
 = (

𝑝02

𝑝01
)

𝛾−1
𝛾
  

Eq. 4 

In Equations 3 and 4, 𝜌 [kg/m³] represents the static density, 𝛾 [-] denotes the specific 

heat ratio (Poisson's constant) and 𝑐𝑝 [J/(kg∙K)] represents the specific heat capacity at 

constant pressure. 

 In the case of real gases, the molecular size is not negligible, and they are not perfectly 

compressible. Additionally, latent heat is absorbed or released during phase changes. Hence, 

with real gases, specific gas constant R, specific heat ratio 𝛾, and specific heat capacities 𝑐𝑃  

and 𝑐𝑉 are generally functions of pressure (P) and temperature (T). 
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2.1 Compression Process 

The ideal isentropic compression process 1-2s and the actual process 1-2 are shown in 

Figure 2. During the actual compression process from inlet 1 to outlet 2, the fluid experiences 

a pressure rise as it diffuses, which results in the transfer of kinetic energy to enthalpy. 

However, despite the pressure increase from inlet (𝑃1𝑐) to outlet (𝑃2𝑐), the total pressure 

decreases due to losses. The entropy of the actual compression process is higher as a portion 

of the kinetic energy is lost to turbulence and friction, which leads to a reduction in pressure 

recovery. 

Figure 2  Diagram h-s for Actual vs Isentropic Compression [1] 

 
Compressor total-total isentropic efficiency: 

 

𝜂𝐶 =
𝑃𝐶𝑠

𝑃𝐶
 

Eq. 5 

In accordance with the equation 4, compressor efficiency 𝜂𝑐 can be rewritten as: 
 

𝜂𝑐 =
𝑇1𝑐 [ (𝑃𝑅𝑐)

𝛾−1
𝛾 − 1 ]

𝑇2𝑐 − 𝑇1𝑐
 

Eq. 6 

Compressor map 

The compressor map [Figure 3] is a valuable graphical representation of the 

compressor’s performance demonstrating the relationship between mass flow and pressure 

ratio in numerous operating conditions. The key characteristics of this map are:  
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1) Corrected mass flow rate    𝑊𝑐 = 𝑚̇𝑐 ∗
√𝑇1𝑐 𝑇𝑟𝑒𝑓⁄

𝑃1𝑐 𝑃𝑟𝑒𝑓⁄
  

Eq. 7 

Where     𝑚̇𝑐 =
kg

s
  of air mass flow through the compressor (and engine) 

 

2) Corrected turbo speed 𝑁 
∗ =

𝑁

√
𝑇1𝑐
𝑇𝑟𝑒𝑓

 

Eq. 8 

3)Compressor’s pressure ratio 𝑃𝑅𝑐 =
𝑃2𝑐

𝑃1𝑐
   

The compressor pressure ratio has a direct impact on engine performance, efficiency, 

and responsiveness, making it a key design parameter for turbochargers. It is essential for 

attaining the required power output at different altitudes, as well as for increasing fuel 

efficiency and preventing problems like knock. 

The compressor map [Figure 3] is characterized by the surge and choke line, the turbo 

speed lines and the efficiency islands. Compressor maps’ importance lies on the turbo 

matching. 

 

 

Figure 3 Compressor Map [3] 
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The surge line represents the leftmost threshold, that if surpassed, it leads to flow 

instabilities due to increased backpressure and essentially it means that the turbocharger is 

supplying the engine with more air than the engine can burn. Surge is a self-excited cyclic 

phenomenon usually caused by incorrect turbo matching or quick closing of the throttle during 

operation [19]. The surge limit can be widened   by adding a wastegate or a by-pass valve to 

redirect intake pressure to the atmosphere and/or by incorporating a Ported Shroud 

compressor [Figure 4b] that recirculates a portion of the airflow before it enters the volute.  

 

The choke line represents the rightmost boundary, and it typically symbolizes the area 

where efficiency has dropped below 58% and can be also expanded by having a shrouded 

housing [See Fig.4a] which allows the flow to bypass the throat and pass directly into the wheel. 

  

In the middle of the diagram there are concentric regions, called efficiency islands, 

which annotate the efficiency at any point. Approaching the limits, a notable decline in 

efficiency becomes evident while closer to the operational point, the efficiency peaks. The 

vertical lines are the turbo speed lines and as the speed increases the pressure ratio and/or 

mass flow will increase.  

2.2 Expansion Process 

 

Having briefly analyzed the turbine’s working principle, a comparison between the 

isentropic expansion and the real expansion process can be seen in Figure 5. Due to a pressure 

loss caused by the exhaust after treatment systems, the outlet pressure (𝑃2𝑡) is often higher 

Figure 4a Figure 4b Ported Shroud: Recirculating Flow [38] Figure 4a Ported Shroud: Bypassing flow [38] 
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than atmospheric, while the outlet temperature (𝑇2𝑡) also increases following the increase of 

entropy. 

Turbine efficiency in a single stage turbocharger is described by the total-to-static 

isentropic efficiency (𝜂𝑇𝑆) because the kinetic energy at the outlet is considered not useful: 

 

𝜂𝑇𝑆 =
𝑃𝑇

𝑃𝑇𝑠

 

 =
𝐶𝑝(𝑇1𝑡 − 𝑇2𝑡)

𝐶𝑝(𝑇1𝑡 − 𝑇2𝑡𝑠)
=

(𝑇1𝑡 − 𝑇2𝑡)

𝑇1𝑡 (1 −
1

𝑃𝑅𝑇

𝛾−1
𝛾

 )

 

Eq. 9 

 

Where 𝑃𝑅𝑇 =
𝑃1𝑡

𝑃2𝑡,𝑠𝑡𝑎𝑡𝑖𝑐
  

 
 
The expansion ratio 𝑃𝑅𝑇 relates the total Pressure at the inlet 𝑃1𝑡 with the static Pressure at 

the outlet 𝑃2𝑡,𝑠𝑡𝑎𝑡𝑖𝑐.  

 

 

Figure 5 Diagram h-s Actual vs isentropic expansion [1] 

 
 

However, the total-to-static turbine efficiency is an overestimation of the actual 

efficiency as it does not account for the losses. In a gas stand test, the measured outlet 

temperature is usually lower due to the internal flow irregularities, heat transfer through the 

housing and piping, etc. Another factor to consider are the losses in the power transfer from 

the turbine to the compressor due to mechanical parts like bearings and seals. All these 
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additional losses [See Fig. 6] are translated into the mechanical efficiency of the turbine 𝜂𝑚  

that describes ratio of the actual compressor power 𝑃𝐶    to the actual power produced by the 

turbine 𝑃𝑇. 

 

Finally, the overall Turbine mechanical efficiency 𝜂𝛵𝛭  : 

 

𝜂𝛵𝛭 = 𝜂𝑇𝑆 ∗ 𝜂𝑚  

 

Figure 6 Loss Breakdown for typical Turbine [17] 

 

2.2.1 Turbine map 

Similar to a compressor map, a turbine map is a comprehensive graphical 

representation that illustrates the mass flow and efficiency characteristics of a turbine. 

Notably, in the case of turbines, the corrected mass flow and efficiency are depicted 

independently in relation to the pressure ratio of the turbine, although they are typically 

integrated into a single map. These turbine maps also include data on the corresponding 

compressor speeds, offering a comprehensive insight into the intricacies of turbocharger 

operations. 

 

In Figure 7, a typical turbine map is presented. The upper lines represent corrected 

mass flow rates, while the lower lines depict efficiency values. Due to the centrifugal nature 

of the flow, it is evident that, especially in the case of radial turbines, as the rotational speed 

increases, the mass flow rate decreases at a constant pressure ratio. 

 

 Another significant consideration is that at a low 𝑃𝑅𝑇𝑠  (meaning low rotor speed), 

turbine efficiency is relatively low. As the pressure ratio increases, efficiency also improves, 

Eq. 1 
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peaking around the turbine's design point. As speed increases, losses are minimized, 

attributed to factors such as enhanced bearing lubrication due to elevated oil temperatures 

and the realization of the aerodynamic flow profile. However, beyond the design point, losses 

begin to rise once more [4,17]. 

 

 

Figure 7 Turbine Map  

 
 
The key characteristics of the map are:  

 
1) Corrected turbine mass flow 𝑊𝑇 : 

𝑊𝑡 = 𝑚̇𝑇 ∗
√𝑇1𝑡 𝑇𝑟𝑒𝑓⁄

𝑃1𝑡 𝑃𝑟𝑒𝑓⁄
 

Eq. 11 

2) Corrected turbine speed 

𝑁 
∗ =

𝑁

√𝑇1𝑡 𝑇𝑟𝑒𝑓⁄
 

Eq. 12 

3) Turbine efficiency 𝜂𝛵  

 
4) Turbine expansion Ratio  𝑃𝑅𝛵  =  P1t/P2t 
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2.3 Basic Components 

 
To gain better understanding of this thesis’ objectives, it is imperative to examine the 

operational conditions of a turbocharger. Turbochargers function within the demanding and 

harsh environments of modern diesel and gasoline engines. The turbine, in particular, is 

exposed to exceedingly high temperatures, reaching up to 1050°C in gasoline-powered 

vehicles. These temperatures are subject to cyclic fluctuations, contingent on engine speed 

and load variations. Consequently, the resulting differential thermal expansion and contraction 

impose significant stress on both the turbine housing and wheel, presenting considerable 

design challenges. This is especially pronounced when the turbine housing contains sections of 

varying thickness, as is the case with certain turbochargers, such as wastegated designs, 

rendering them susceptible to cracking. In this study, the focus is placed on diesel-connected 

turbochargers, where oxidative processes due to excess air play a pivotal role in potential 

failure mechanisms. 

Elevated centrifugal forces acting on the turbine wheels, coupled with significant shear 

forces within the bearing, stem from the exceptionally high rotational speeds of the wheels, 

which can surpass 330,000 RPM. If these forces are not effectively managed, they may lead to 

shaft motion and subsequent wear on the bearings. 

Further scrutiny of the turbocharger's operational environment reveals that the engine 

can introduce substantial vibrations. Turbochargers are engineered to accommodate 

vibrations of up to 25G (although a lower threshold applies to wastegated models). 

Additionally, the pressure differentials across the two wheels, arising from circumferential 

asymmetry, introduce an additional source of excitation for the turbine blades. 

2.3.1 Compressor stage  

The compressor stage is shown in detail in Figure 8. As discussed, ambient air will flow 

through the inlet to the compressor wheel (impeller) that is going to pressurize the air by 

forcing it to pass from a small passage called the diffuser. This pressurized air continues its 

diffusion as it progresses through the volute. The connection with the turbine stage is 

established through a shared shaft, which is supported by a bearing system.  
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These components, along with others, collectively constitute the Center Housing 

Rotating Assembly (CHRA).  

 

Figure 8 Compressor stage cut away view. [4] 

 

A. Compressor Wheel 

The compressor wheel must possess fatigue resistance, high strength, and a well-

refined surface finish; thus, it is predominantly manufacture by titanium or aluminum alloys 

[5].  Based on Figure 9, it is observed that the compressor wheel comprises a central bore (1) 

surrounded by the nose (2). It consists of the main blade (3), the contour (4) and the leading 

and trailing edges (5,6) that finish at the tip or exducer (7), and in certain variations, these 

edges may be extended. Typically, a secondary blade known as the splitter blade (8) is also 

present. Each blade features a variable fillet (10) and is connected to the hub (9) area, with the 

rear side of the wheel referred to as Backwall. 

 

Figure 9 Compressor Wheel Isometric view 
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B. Compressor Housing 

The compressor housing is usually made of aluminum alloys although for certain 

commercial vehicles subject to elevated mechanical stresses, ferritic ductile irons may be 

employed. 

Figure 10a provides a visual representation of the compressor housing's contour, the 

connections to the bearing housing, and the wall diffuser’s face. In Figure 10b, the image 

displays the inducer eye, the frontal view of the discharge, and the volute along with the inlet 

connection. 

  

There are several alternative compressor technologies, including the compressor 

ported shroud housing, fixed vane diffusers (as depicted in Figure 11) aimed at enhancing 

efficiency, variable inlet compressors, and two-stage compressors. These technologies can be 

encountered either individually or in combination, although they will not be subject to further 

analysis within the scope of this study.  

Figure 11a  Figure 10b Compressor Housing Inlet View 

 

Figure 10a Compressor Housing Diffusor View 

 

Figure 11 Compressor Stage with Fixed Vanes [39] 
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2.3.2 Turbine stage  

The primary components of the turbine stage comprise the turbine wheel and housing. 

The mounting flange is affixed to the manifold, facilitating the passage of exhaust gases. These 

gases traverse through the volute to the turbine wheel, where their velocity is reduced, 

converting their kinetic energy into mechanical energy to drive the shaft. Finally, the gases exit 

the housing through the diffuser. 

 

A. Turbine Wheel 
 

The turbine wheel, as illustrated in Figure 23a, due to the dismal operating conditions 

inside the turbine housing, must withstand high temperatures, while retaining excellent 

resistance to oxidation, fatigue, and creep. Additionally, a smooth surface finish is essential for 

aerodynamic efficiency. Typically, the turbine wheel is primarily fabricated from nickel-based 

super-alloys. Together with the shaft, these components form the shaft wheel assembly (SWA). 

 

The turbine wheel’s geometry plays a key role in the turbocharger’s efficiency. Key 

wheel characteristics are the type based on flow, the contour, and the trim.  

 

  
 

 
 

 
 

 
 

  

There are three main types of turbine wheels. A typical automotive turbocharger 

employs a radial turbine [Figure 12a] with a radial compressor. However, various types of 

turbine wheels are available, depending on the specific application. In radial turbines, the 

airflow is introduced perpendicularly to the axis of rotation, resulting in reduced mechanical 

and thermal stresses for a given range, which ultimately enhances efficiency at higher speeds, 

Figure 12a Radial Figure 12b. Mixed-Flow Figure 12c. Axial 
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as depicted in Figure 13. On the other hand, the mixed-flow wheel offers similar expansion 

capabilities but has a greater flow capacity compared to the radial design. 

 

Figure 13 Efficiency vs BSR for different turbine wheel types [17] 
 

Blade speed ratio is a measure of turbine load as it is a non-dimensional parameter 

which defines the ratio between the wheel tip speed versus the isentropic spouting velocity 

[Eq.13]. By increasing this parameter, the turbine load overall decreases. [6]  

 

𝐵𝑆𝑅 =
𝑈

𝐶
=

𝜋 ∙ 𝐷 ∙
𝑁
60 

√2 ∙ 𝐶𝑝 ∙ 𝑇1𝑡 (1 −
1

𝑃𝑅𝑇

𝛾−1
𝛾

 )

 

Eq. 13 

Where D is the mean flow diameter at the inlet and N is the turbine speed. 

Another wheel characteristic is the trim, which is defined as the ratio between the squares of 

the smaller to the larger diameter. For the turbine wheel the Exducer is the smallest one based 

on the air flow, so the trim is defined by [6,45]: 

𝑇𝑟𝑖𝑚 = [
𝐷𝑒𝑥𝑑𝑢𝑐𝑒𝑟

2

𝐷𝑖𝑛𝑑𝑢𝑐𝑒𝑟
2

 

] ∗ 100   

Eq. 14 

The trim is a measure of performance because with all other factors held constant, an 

increase of the wheel trim means an increase in flow capacity. 
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B. Turbine Housing 
 
The turbine housing is mainly made from cast Irons or Stainless-Steel based materials 

depending on the application. [5] 

 

Figure 14 a. Turbine Housing Meridional View 

 
 

In Figure 14a, a meridional view of the turbine is observed. Along the flow direction, 

the inducer, its leading edge, the hub, and the shroud are encountered at the bottom and top, 

respectively. Notably, the clearances are visible, and they play a vital role in ensuring smooth 

turbine operation but should be kept at a minimum to achieve optimal aerodynamic 

performance. [17] 

 

In the axial view, as shown in Figure 14b [17], the exhaust gases pass axially through 

the inlet section, which is surrounded by the mounting flange, before reaching the turbine 

wheel. The volute's design features a spiral shape that gradually tapers to redirect the flow and 

accelerate the gas. 

 

Furthermore, the section separating the inlet and the volute is referred to as the T-T 

section and is located at the tongue which is described by the connection of the inlet lower 

surface with the volute’s tail end. 

Figure 14 b. Turbine Housing Axial View 
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A significant attribute shared by both compressor and turbine housings is the A/R 

factor, which serves to define the size relationship of the gas passage. In the case of turbines, 

changes in the A/R, denoted as the cross-sectional area of the turbine inlet divided by the 

distance from the turbo centerline to the center of that area, are particularly influential. This 

is exemplified in Figure 15a. 

 

With smaller A/R the turbine flow capacity decreases, resulting in higher backpressure. 

However, this reduction in area leads to an increase in gas velocity, ultimately leading to 

enhanced boosting power at lower engine speeds (rpms). Alternatively, a larger A/R allows for 

a greater volume of gas to enter the turbine, thereby reducing backpressure and generating 

increased power at higher engine speeds [Fig. 15b]. The choice of A/R is contingent upon the 

specific application, and for this model, the A/R values remain constant at 0.97 for the turbine 

and 0.66 for the compressor. 

 

 
 

 

 

 

 

 

 

 

Figure 15 a. A/R Depiction [50] 

 

 

 Figure 15 b. Mass Flow vs PR graph with different A/Rs [17] 

Figure 16 Twin Scroll and Single Scroll Turbo 
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Turbine housings can be primarily categorized based on the number of volutes they 

feature. Open turbine housings comprise a single volute, whereas twin-scroll turbochargers 

incorporate a divided turbine housing that leads to two independent flows, as depicted in 

Figure 16. Open-scroll turbos generally exhibit lower flow losses in comparison to their twin-

scroll counterparts. However, their design limits their capacity to harness pressure waves to 

their advantage. 

The primary advantage of twin-scroll housings lies in the separation of the exhaust 

gases by connecting different sets of cylinders in the corresponding opening based on the firing 

order. This division minimizes interference, preventing engine pulses from colliding and 

thereby reducing backpressure and unnecessary turbulence. Moreover, it results in more 

efficient utilization of exhaust gas energy, ultimately enhancing the turbocharger's 

performance. 

While the bearing system and various other components play a crucial role in the 

turbo's operation, they will not be subject to further analysis within this paper. 

 

2.4 Turbocharger Control 

 

As mentioned previously in this chapter, packaging limitations have led to the 

development of turbocharger control technologies aimed at reducing the turbocharger's size 

while enabling it to function across a broader range of engine speeds, all while maintaining 

high efficiency. One such design is the free-float turbo, which represents a straightforward  

approach that heavily relies on the engine’s control strategy to maintain the required operating 

conditions and is mainly targeted for engines at constant speed. 

By incorporating systems that regulate the exhaust gas flow through the turbine, the 

boost pressure is controlled resulting in an increased power and minimizing fuel consumption. 

Additionally, it protects the turbo and the engine from damage, shifting the limits discussed in 

the compressor map that correspond to the surge and choke phenomena. In Figure 17 below, 

a tree diagram categorizes these control strategies. 
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Figure 17 Division of the control strategies 

 

The wastegate configuration consists of a by-pass valve, an arm, and an actuator 

assembly. As shown in Figures 18a., b., there are two types of wastegates, external and 

internal, with the latter being the most prevalent. The target is to allow for the use of smaller 

turbochargers that provide high efficiency in lower rpms, when the valve is closed, while 

simultaneously avoiding excess backpressure in higher rpms by redirecting the flow through 

the wastegate valve.  

 

Due to emissions regulations, most vacuum pneumatic actuators have become 

outdated, and pneumatic actuators predominantly control the wastegate opening based on 

the rate of the integrated spring. 

 

Electric actuators have an additional division: smart and simple. The turbocharger in 

question features an electric actuator with a smart control system that communicates with the 

vehicle's Engine Control Unit (ECU). This system can be strategically bypassed during cold starts 

to expedite the catalytic converter's activation. 

Single Turbo Design

Free Float

No Regulation

Waste Gate (Turbine 
Stage) Driven by:

Pneumatic Actuator

Pressure

Vacuum

Electric Actuator

Rotary

Linear

Variable Nozzle Turbine 
(Turbine Stage) Driven by:

Pneumatic Actuator

Vacuum
Vacuum with 

Position Sensor

Electric Actuator

Rotary

Linear
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Figure 18 a. Internal wastegate [41] 

 

 

The Variable Nozzle Turbine (VNT) is a geometric configuration that regulates boost 

pressure by altering the throat size of the turbine housing, as depicted in Figure 19a. This 

adjustment is achieved by tilting the vanes. It allows for the attainment of optimal pressure 

ratios without causing excessive backpressure and reduces turbo lag when compared to 

wastegate technology.  

At lower engine speeds, the vanes are positioned in a way that increases the kinetic 

energy of the exhaust gases. In contrast, at higher engine speeds, the vanes are fully open to 

facilitate a higher flow capacity. This dynamic adjustment optimizes the turbocharger's 

performance across a range of operating conditions and is depicted in Figure 19b. 

 

 

Figure 19 a. Cut-away View of a VNT Turbocharger [43] 

 

 

Figure 18 b. External wastegate [42] 

Figure 19 b. Vanes’ Opening and Closing [44] 
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3. Setup of Turbine Stage Simulation 

 

The simulation of the flow through the turbine was conducted by utilizing 

Computational Fluid Dynamics software, and more specifically ANSYS CFX. This software allows 

for a cost-effective detailed study of the complex flow phenomena, providing valuable insights 

regarding the turbocharger behavior. Various studies [36,44,47,48] followed the three-

dimensional approach to simulate the complex turbulent flow inside a turbocharger. The setup 

was carefully decided and tested to obtain realistic results and will be further discussed 

throughout this chapter. Finally, the geometry preparation was carried out using CatiaV5 

software. 

3.1 Governing equations 

 

Every computational method is based on the fundamental laws of conservation of 

mass, momentum, and energy to describe the behavior of a fluid flow. The finite volume 

method’s differential equations to be solved are the transformed Lagrangian forms of the 

physical laws using the Reynolds Transport theorem and then converted to volume integrals 

using Gauss’ Divergence Theorem. Assuming 𝑥 represents a property associated with the 

fluid where: 

𝑋 = ∭𝜌𝑥

 

𝛺

 𝑑𝛺 

 Eq. 15 

Then, the Lagrangian derivative is related to the Eulerian control volume by the 

application of Reynolds Transport theorem: 

 

𝑑𝑋

𝑑𝑡
= ∭

𝜕(𝜌𝑥)

𝜕𝑡

 

𝛺

+ ∯𝑥(𝜌𝑢⃗ ∙ 𝑛̂)𝑑𝐴 

 

𝛢

 

Eq. 16 

The conversion of the surface integral into a volume integral is achieved through the 

use of the Divergence Theorem, resulting in: 
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𝑑𝑋

𝑑𝑡
= ∭

𝜕(𝜌𝑥)

𝜕𝑡

 

𝛺

+ ∭∇ ∙ 𝑢⃗ 𝑑𝛺

 

𝛺

 

Eq. 17 

 

1) Continuity equation 

For a finite volume, the net mass that crosses the system boundary must be balanced, 

meaning the rate of change of mass within is equal to the rate of mass exchange.  

 

𝑑𝑀

𝑑𝑡
= 0 →

𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝑢⃗ = 0 

Eq. 18 

2) Momentum equation 

The momentum equation is another form of Newton’s second law of motion, stating 

that the change in momentum is a resultant of diffusion, convection, friction, and all 

additional forces applied to the fluid on the surface of the control volume and internally. For 

a more in detail approach refer to [8]. 

 

𝜌 [
𝜕𝑢⃗ 

𝜕𝑡
+ 𝑢⃗ ∙ ∇𝑢⃗ ] =  −∇𝑝 + ∇ ∙ 𝜏̿ + 𝜌𝑔   + 𝐹  

Eq. 19 

Where the 𝜏̿ are the viscous stresses, proportional to the rates of deformation, 𝜌𝑔    

the gravitational and 𝐹  the external body forces (especially important for the following 

porous media modelling).  

 

3) Conservation of energy  

This equation is derived from the First Law of Thermodynamics and encompasses all 

aspects of work and energy, both within the system and at its boundaries. The term 𝐸 

represents the total energy, comprising internal, kinetic, and potential energy within the 

system [9]. 
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𝑑𝐸

𝑑𝑡
+ ∇ ∙ [𝑢⃗ (𝐸 + 𝑝)] = ∇ ∙ [𝑘∇𝑇 + (𝜏̿ ∙ 𝑢⃗ )] + 𝑆̇𝑔 

Eq. 20 

In the above equation the generation term 𝑆̇𝑔  represents the change of the total 

energy by heat sources like radiation, reaction, etc.  

 

These governing differential equations, also known as Navier-Stokes equations, along 

with appropriate initial and boundary conditions, provide a solid mathematical framework for 

fluid simulations. In addition, equations of fluid state, turbulence and many more problem-

specific relations can be added to the solution. 

3.2 Basic of turbulence equations 

 

Throughout this research, the turbulence will be modeled using the Reynolds-

Averaged Navier-Stokes (RANS) approach. This technique requires a significantly coarser grid 

to model the flow than LES and DNS, while it enables us to consider the flow's stationary 

(Steady state) solutions. Considering Reynold’s decomposition the local velocity for each 

point can be rewritten as the sum of the fluctuating and average velocity terms : 

 𝑢 = 𝑢 + 𝑢′  and it canbe generalized for other scalar quantities as 𝜑 = 𝜑 + 𝜑′   

 

By substituting this decomposition to the mass and momentum equation the RANS 

equations are produced:  

∂𝜌

∂𝑡
+

∂

∂𝑥𝑖

(𝜌𝑢𝑖) = 0 

Eq. 21 

∂

∂𝑡
(𝜌𝑢𝑖) +

∂

∂𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

∂𝑝

∂𝑥𝑖
+

∂

∂𝑥𝑗
[𝜇 (

∂𝑢𝑖

∂𝑥𝑗
+

∂𝑢𝑗

∂𝑥𝑖
−

2

3
𝛿𝑖𝑗

∂𝑢𝑙

∂𝑥𝑙
)] +

∂

∂𝑥𝑗
(−𝜌𝑢𝑖

′𝑢𝑗
′

 

) 

Eq. 22 

Where 𝐼 is the unit tensor and −𝜌𝑢𝑖
′𝑢𝑗

′
 

 the Reynold’s stresses that represent 

turbulence. The Boussinesq [10] assumption is most commonly used which correlates these 

stresses to the mean velocity gradients: 
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−𝜌𝑢𝑖
′𝑢𝑗

′
 

= 𝜇𝑡 (
∂𝑢𝑖

∂𝑥𝑗
+

∂𝑢𝑗

∂𝑥𝑖
) −

2

3
(𝜌𝑘 + 𝜇𝑡

∂𝑢𝑘

∂𝑥𝑘
) 𝛿𝑖𝑗 

Eq. 23 

In Equation 23, k symbolizes the turbulent kinetic energy with  

𝑘 =
1

2
(𝑢̅′2 + 𝑣̅′2 + 𝑤̅′2) 

Eq. 24 

and only appears in the equation when 𝑖 = 𝑗 .  

The eddy diffusivity Γ𝑡  is described by the Equation 25 ,as follows: 

 

                                                                      −𝜌𝑢𝑖
′𝜙′ = Γ𝑡

∂𝜙

∂𝑥𝑖
 

Eq. 25 

 

and it can be then connected with the turbulent viscosity   𝜇𝑡 by introducing the 

Prandtl/Schmidt numer : 

𝜎𝑡 =
Γ𝑡

𝜇𝑡
 

Eq. 26 

3.3 Problem Statement 

 

The objective of this thesis is to focus on the performance analysis and optimization of 

the THS-Aftertreatment system. For this reason, the turbocharger is considered to operate 

under relatively steady conditions during normal operation, thereby becoming a Steady-State 

problem. In this process, gases enter the volute inlets, pass through the rotating wheel, and 

subsequently exit the housing through the outlet. Simultaneously, a portion of these gases is 

diverted from the diffuser and exits through the wastegate. The essential characteristics of 

both the engine and the turbine are outlined in Table 1. 
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Table 1 Key characteristics of the application 

Engine Capacity 12.74 [L] 

Engine Max. Power  
@1800 rpm  

412 [kW], 560 [HP] 

Engine Max. Torque  2800 [Nm] @ 900-1400 Rpm 

Number of Cylinders 6 

Turbocharger system 1-stage, fixed geometry, twin-scroll 

Turbine blade number 11 

Turbine wheel OD 88 [mm] 

Turbine wheel ID 80 [mm] 

Turbine housing A/R 0.97 

Wastegate Valve Diameter             33.00 [mm]        

 

 

The turbine housing system contains a moving wheel inside a stationary housing, with 

the interface between the zones being nearly uniform. Given that a steady-state problem 

involving multiple zones is addressed, the Multiple Rotating Reference Frame method is 

selected. The model is divided in multiple domains, where rotational or stationary frame 

equations are applied depending on the domain nature, and interfaces that separate these 

zones. There are two approaches on how to treat these equations at the interface: Multiple 

Reference Frame and Sliding Mesh Model.  

For this application, the MRF model, and more specifically the Mixing Plane Model 

(MPM), was chosen as it provides accurate results [20] with less computational expense 

compared to transient simulations. In this model, the domains are considered as steady state 

problems and at the interfaces Volute-Wheel and Wheel-Outlet, flow field data are 

transmitted as boundary conditions respectively and are then mixed out, allowing for the 

elimination of any unsteadiness, thus yielding a steady-state result.  

3.4 Domains 

The approach followed is the simulation of the rotating region around the wheel and 

the uniform flow through the two volutes- the inlet of the turbine housing and the outlet. 
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Table 2 Volute Domain 

Domain Boundary surface Boundary type Details 

Volute 

Volute Inlet Inlet 

Subsonic Flow, Total Pressure 

(p1t) along with total 

temperature (T1t), medium 

intensity Turbulence 

Interface Volute - Wheel 

[Side 1] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

Interface Volute -

Wastegate [Side 1] 
Interface 

 Smooth Wall with Conservative 

Interface Flux for Heat Transfer 

Volute Wall Wall Smooth, No slip Wall, Adiabatic 

Table 3 Wheel Domain 

 

Wheel 

Interface Wheel-

Volute [Side 2] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

Interface Wheel 

Periodicity [Side 1] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

Interface Wheel 

Periodicity [Side 2] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

Interface Wheel-

Outlet [Side 1] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

Wheel Blade  Rotating Wall Smooth, No slip Wall, Adiabatic 

Wheel Hub  Rotating Wall Smooth, No slip Wall, Adiabatic 

Wheel Shroud 
Counter-

Rotating Wall 

Smooth, No slip Wall, Adiabatic, 

with wall velocity  
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Table 4 Outlet Domain 

Outlet 

Outlet  Outlet 

Subsonic Flow, Average Static 

Pressure (p2t) over the whole 

outlet with 0.05 blend  

Outlet Valve  Wall Smooth, No slip Wall, Adiabatic 

Outlet Wall  Wall Smooth, No slip Wall, Adiabatic 

Outlet Wheel Nose  Rotating Wall 

Smooth, No slip Wall, Adiabatic, 

with wall angular velocity 

rotating around Global Z axis 

Interface Outlet-Wheel 

[Side 2] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

Interface Outlet - 

Wastegate [Side 2] 
Interface 

 Smooth Wall with Conservative 

Interface Flux for Heat Transfer 

 

For the purpose of this research, the walls are modelled as adiabatic for simplification. 

Usually, thermal loads are calculated and quantified during the design process but since the 

aim is to analyze the exhaust flow in an already finalized model, it is assumed that no heat 

exits through the walls. Studies have shown that the adiabatic assumption produces better 

results at lower speeds [11].  

This simplification is valid since the changes in temperature happen so rapidly before 

the fluid reaches thermal equilibrium and the temperature differences are so high that it is 

safe to assume the heat transfer is close to zero for this type of simulation. The walls were 

modelled as smooth due to the actual roughness being very small and not easily quantifiable 

and that helps, also, to prevent an unnecessary shift in the y+ by the software's treatment 

method near rough walls. 

Regarding the impeller, Single Blade Passage (SBP), as well as the Full Turbine (FT) are 

the dominant approaches. In the former, the flow inside one passage of the blade is simulated, 

and the set periodic surfaces are representative of the rest of the domain [21]. Although the 

preparation of the geometry is more tedious, the simulation time is significantly reduced, while 

still providing accurate results deeming it the best option considering the needs of this 

research.  
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Table 5 List of Interfaces-Turbocharger 

Interface Interface Type Mesh Connection Details 

Volute - wheel Fluid - Fluid GGI 

Stage (Mixing Plane) with 

downstream stage average 

velocity constraint and pitch 

angle 360° for the volute and 

360°/# of blades for the wheel 

due to pie sectioning 

Wastegate 

[Volute-Outlet] 
Fluid- Fluid GGI 

General Connection interface, 

with no slip wall if WG is closed 

or mass and momentum 

conservative flux if opened. 

Wheel 

Periodicity 
Fluid- Fluid Automatic 

Rotational Periodicity around 

Global Z axis 

Wheel - Outlet Fluid- Fluid GGI 
See Volute-Wheel Interface 

(with Outlet instead of Volute) 

 

3.5 Turbulence Model  

 

The Shear Stress Transport turbulence mode was selected for this simulation, based 

on extensive validation from Garret's internal research studies available to the author, and 

relevant independent publications that deem this method the most accurate model for 

aerodynamic simulations. [12, 13] 

In general, the SST model developed by Menter [14] is a hybrid approach that 

combines the accurate formulation of the k-ω model near the wall with the free-stream 

independence of the k-ε in the bulk flow. Both base models are multiplied by a blending 

function that activates the corresponding model based on wall distance and then added 

together. The constants and definition of turbulent viscosity are modified while a cross-

diffusion term is introduced to ensure appropriate behavior throughout the zones, more 

analytically explained in [22]. 
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∂

∂𝑡
(𝜌𝑘) +

∂

∂𝑥𝑖

(𝜌𝑘𝑢𝑖) =
∂

∂𝑥𝑗
(Γ𝑘

∂𝑘

∂𝑥𝑗
) + 𝐺̃𝑘 − 𝑌𝑘 + 𝑆𝑘

 
 

Eq. 27 

 

∂

∂𝑡
(𝜌𝜔) +

∂

∂𝑥𝑖

(𝜌𝜔𝑢𝑖) =
∂

∂𝑥𝑗
(Γ𝜔

∂𝜔

∂𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔 

Eq. 28 

Where 𝐺̃𝑘 and 𝐺̃𝜔 represent the generations of turbulence kinetic energy 𝑘 and 

specific dissipation rate 𝜔.Similarly,  Γ𝑘 and Γ𝜔 are the effective diffusivities while 𝑌𝑘 and 𝑌𝜔 

are the dissipation due to turbulence. Lastly, 𝐷𝜔 symbolizes the cross-diffusion term and 

𝑆𝑘  and  𝑆𝜔 are source terms, user specific. For all the fluid models the turbulence intensity 

was set to 5%. 

3.6 Solver Type  

There are two ways to solve the discretized equations, segregated or coupled. ANSYS 

CFX uses a pressure based coupled solver, which solves the momentum and pressure 

equations simultaneously by incorporating the pressure correction within the momentum 

step. A similar study about the catalyst-turbocharger behavior was conducted that proved 

that coupled solver converged the majority of times and the difference between the two 

solvers were less than 1% for normal flow conditions [23]. 

3.7 Convergence Parameters 

A closed wastegate model with initial conditions 𝑃1𝑡= 202.647 kPa, 𝑇1𝑡=620 °C , 𝑃2𝑡= 

101.352 kPa was evaluated to find the number of iterations for convergence. This model was 

verified prior to the convergence study, and it was utilized to define the number of iterations 

that is sufficient for this research. Throughout this thesis, the following requirements were 

employed to monitor solver convergence: 
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• The model must show stabilized performance. In this model, the isentropic Efficiency T-S is 

stabilized at 80 % after approximately 500 iterations. [Fig. 20a] 

• The two monitor points: Mass flow at the inlets and outlet must be within ≤ 0.4%  [Fig. 20b] 

• The RMS residuals for Mass and momentum to be under 10−3  [Fig. 20c] 

• The Mass, momentum, and energy imbalances in each domain to not exceed 0.01% [Fig. 

20d] 

The high-resolution Advection Scheme and Turbulence Numerics were selected. 

 

Figure 20 a. Total to Static Efficiency vs Time Step 

 

Figure 20 b. Mass Flow Monitors vs Time Step 

Figure 20 c. RMS Residuals vs Time Step Figure 20 d. Imbalances vs Time Step 
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3.8 Geometry Preparation 

 

The geometry of the wheel nose and the incorporation of twin-scroll technology 

posed certain challenges during the model preparation, particularly in dividing the three main 

sections. The first required action for preparation of the 3D model is the cleanup of 

insignificant features (p. ex the engraving in the housing) and update of the turbine wheel. 

The fluid domain of the turbine wheel constitutes a pie-shaped sector of the entire wheel, 

encompassing a single blade. This sector is further divided into nine subcategories, which will 

be elaborated upon in the subsequent subchapter dedicated to the wheel domain.  

 

 

Figure 22 a. CAD Isometric View 

 

 

The 3D model was first inserted in CATIA V5, as a complete assembly, and after 

cleaning up the CAD it was ready for wheel redesign. The redesign aimed to achieve a better-

quality mesh and to simplify the result. The wheel nose has a unique feature for the urea 

injection, which was removed, and a small peak was created instead as it was observed 

Figure 21 SCANIA CBE1 Turbocharger assembly 

Figure 22 b. Turbine Outlet View 
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during the preliminary setup that when the nose is completely flat the mesh is not generated 

properly. Moreover, the variable fillets around the blades were replaced by constant fillets, 

keeping the geometry relatively simple for the pie sector generation.  

 

Figure 23 a. Original Turbine heel 

 

After the turbine wheel was prepared separately, it was inserted as a Shaft-Wheel Assembly 

(SWA). This was done to ensure proper placement and alignment with the housing in 

accordance with the drawing specifications. The machining of the wheel was carefully 

removed to allow the small clearance needed for realistic operating conditions, and the 

contour was cut out in accordance with the tolerances. The shaft, which was not needed for 

the simulation, was excluded from the finalized model. 

The next step was to close any small gaps specifically between the Valve Arm and the 

opening [Figure 24]. As a first approach the gaps were sealed by simple cylinders to ensure 

airtight connection and any unnecessary parts like washers were removed.  

 

 

Figure 23 b. Turbine wheel after preparation 

Figure 24 Close-up of gap elimination 



 

33 | P a g e  

 

Then a CAT Part was generated from the product, marking the initiation of the 

primary preparation process. The rotation axis was set as the Z-axis with the direction of the 

flow through the outlet following “plus Z” coordinates and the flow passage cross section 

located at tongue (TT section) passes the YZ plane, as shown below.  

3.8.1 Fluid Domains 

Volute 

  

 

 

The volute fluid domain [Fig. 26], was created by extracting all the internal surfaces of 

the THS Volute and comprises of the volute wall, inlets, tongue, outlet and wastegate 

interface. The reason for defining the tongue is for easier mesh refinement of this area in the 

Figure 25 Orientation of the model 

Figure 26 Before and after of the Volute domain preparation 
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pre-processing step and the interface with the wastegate is defined to indicate if mass and 

momentum transfer take place, depending on the wastegate position. Lastly, the volute 

outlet serves as the interface between the volute and wheel, which is defined by cutting the 

volute with a cylinder slightly bigger than the wheel’s diameter, and it is shown in Figure 27. 

 

 

Figure 27 Contact zone of Wheel patch and Volute. 

 

Turbine Wheel  

The wheel was approached differently, due to the pie sectioning method. Initially, two 

surfaces were defined: Surface 1, which indicated the point where the wheel ended just 

before the shaft, and Surface 2, which divided the wheel nose in half. On one side, Surface 2 

marked the end of the pie sector, and on the other side, it defined the inlet of the Outlet 

domain. 

Following the extraction of these surfaces from the wheel, a wheel domain was 

established by dividing the wheel with the aforementioned surfaces and a cylinder 

representing the contact between the wheel and the volute, as shown in Figure 28, step 1. 

This process resulted in the geometry shown in step 2. 

Then, surfaces were created by using spline-based surfaces that were rotated to 

encompass a single blade, and the final part was split.  
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The wheel was divided in 9 sections, the wheel inlet, shroud, shroud side , side 1 and 2 , hub, 

blade and blade top and finally wheel outlet. The division was helpful not only for 

independent mesh refinement, but also for defining the boundary conditions more precisely, 

and can be shown below: 

 

 

Figure 29 Wheel's color-coded regions 

 

Figure 28 Step by Step of the wheel domain creation 

Step 1: Enclosing the area of interest. Step 2: Splitting the main geometry. 

Step 3: Creating the Pie section. Step 4:  Final wheel domain. 
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Outlet 

The outlet fluid domain demanded special attention due to the presence of internal 

channels, as illustrated below. The flow is redirected, and the gases pass around these 

channels, creating disturbances in the main flow. These disturbances and their effects will be 

discussed in detail during the post-processing stage of the analysis. 

 

 

 

The outlet domain included the contact region, as shown in Figure 31a, where a 

portion of the wheel nose is visible. Then, the interface with the Volute was split as 

mentioned above, and an extention was made to capture the flow using a parametric design 

method, making it easily adjustable to the desired length. This extension will undergo further 

analysis in section 3.8.2. 

 

 

 

Figure 31 a. Contact region of Diffuser Inlet and 
wheel 

 

Figure 30 a. Diffuser Front View Figure 30 b. Diffuser Side View 

Figure 31 b. Contact region between Volute and 
Diffuser (WG representation) 
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The decision was made to incorporate the wastegate as part of the Volute fluid 

domain, so that it can function as an obstruction to the fluid flow. The valve’s surfaces were 

extracted and then the geometry was split [Fig. 32b]. To manipulate the angle of the valve 

without requiring a redesign, a rotational equation was introduced between the valve and 

the outlet wall, as shown in Figure 32a. This approach allows for control of the valve angle to 

affect the flow through the wastegate, without the need for significant geometric changes. 

 

 

In Figure 33, all the sub-domains can be seen with their corresponding color for better 

visualisation: Red: Outlet  ,Yellow: Interface wheel-outlet ,Green: Wheel nose ,Blue: Valve 

,Magenta: Interface Volute-Outlet 

 

  

 

 

 

 

Figure 32 a. Opening Angle of 10o 

 

Figure 32 b. View of the split Valve enclosed in the channel. 

Figure 33 Color-coded Diffuser’s Subdomains 
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3.8.2 Inlet and outlet surfaces extension 

In the following short study, different lengths of outlet extensions were examined to 

assess differences in measured data and flow patterns. The ultimate goal was to determine a 

suitable extension length that achieves the desired results without exceeding the allowable 

pipe length threshold for the aftertreatment packaging, which will be further analyzed. 

Extending the geometry's inlets and outlets before starting a simulation has a few key 

advantages. The aim behind this modification is for the flow to be fully realized while also 

eliminating the risk of reverse flow. Fully developped flow is key as the entrance and outflow 

areas should have a consistent velocity profile to aid in numerical convergence and produce 

more precise findings. 

It is essential to make sure the outlet boundary condition is positioned far enough 

downstream at steep curves, especially given the angles of the diffuser geometry. Otherwise, 

the simulation may diverge and yield inaccurate results, due to unwanted flow recirculation 

that can lead to divergence. 

The following cases were examined with extensions on both the entrance and exit of 

the flow. Particularly, the flow at the volute’s inlet was realized quicker, due to the nature of 

the regime so in the following Figures, focus was given at the diffuser’s outlet region. The 

volute extensions was decided to be approximately 100mm . For simplification, the interface 

between the Volute and Outlet was modeled as a wall, to indicate that the bypass valve was 

closed, and the extensions were correlated with the diameter of the Shaft-Wheel Assembly 

(SWA). 

The inputs for this model were based on standard testing , and convergence was 

reached after Case 3. 

 

CASE 1 

The following model represents the real turbocharger without any extensions. Severe 

flow recirculation can be observed as the fluid enters the wastegate channel from both sides. 

The results this model yieds are unrealistic and extensions need to be made.  
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Figure 34 Velocity Vectors (left) and 3d streamlines (right) of No extension Model. 

 

CASE 2 

In this model the outlet extension was set to 86 mm (approximately 1 SWA ⌀) and the 

split inlet was extended by 50mm. While this extension resolved partially the recirculation 

issue, it is evident that there is a notable stagnation point in the primary flow (indicated by 

the dark blue area), which divides the flow into two distinct regions, with the upper region 

being more pronounced. Flow separation can also be observed at the bottom of the volute. 

As a result, it is concluded that further extension is required to optimize the flow patterns 

and eliminate these issues.  

 
 

Figure 35 Velocity Vectors (left) and 3d streamlines (right) of 86mm extension Model. 
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CASE 3 

The inlet was further extended, reaching 100mm, which proved to be adequate for 

the simulation as further extension did not significantly impact the incoming flow. 

Additionally, the diffuser extension was doubled, and the outputs were deemed satisfactory. 

As expected turbulence is present, and the geometry of the diffuser, forming  small channels 

that the fluid has to pass around, contributes to that. For the most part, the main flow is 

realized with some small vorticities still present. The results that the model yielded were 

within range of the testing, which will be further discussed in the next chapter. 

 

 

 

Figure 36 Velocity Vectors (left) and 3d streamlines (right) of 175mm extension Model. 

 

CASE 4 

In this case, the extension length is tripled in comparison with Case 2. Similar behavior 

is observed in the previous case with the flow attaching more to the walls. This is partially 

due to the recirculation at the bottom of the diffuser, which was previously observed but is 

more evident in the top model of Figure 37. The results did not show a substantial difference 

compared to Case 3 ,and considering the computational time, the setups that follow were 

tested preliminary with the extensions as described in the third case. 
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Figure 37 Velocity Vectors (top) and 3d streamlines (bottom) of 260mm extension Model. 

3. 9 Meshing 

Each component with its corresponding sub-components was meshed individually to 

ensure appropriate meshing that realistically captures the geometric features and the y+ 

target is successfully reached. The quality criteria were set to be a Minimum Face angle of 20o 

with a Maximum of 160o and a Minimum Volume of zero. The total element number was 

12.247.322 with a global mesh of 0.007 m and local body sizing as shown in the table: 

Volute 

Table 6 Volute Mesh 

Object WALL TONGUE OUTLET 

Type Factor of Global Size Element Size Factor of Global Size 

Element Size Factor 0.2 (1.4e-003 m)  8.e-002 (5.6e-004 m) 

Element Size  3.e-004 m  

Defeature Size Factor 2.5e-002 (1.75e-004 m)  5.e-003 (3.5e-005 m) 

Global Size Factor 1.2  1.2 

Capture curvature Yes   

Curvature Normal Angle 18o   

Curvature Min Size Factor 0.1 (7.e-004 m)   
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The meshing of the volute, along with the sizing of distinct areas, can be observed in 

Figures 38a and 38b. The mesh was conducted in accordance with the Table 6. Specifically for 

the tongue, defeature size was set to 5e-005 m. Boundary layers are clearly visible, as are the 

tetrahedral elements at the center. The sized-down tongue region is also clear at the section 

cut view. 

Wheel 

 

Every region as described in Chapter 3.8 was treated accordingly. It is clear in Figures 

39a and 39b, that mesh is finer at the blade top and around the blade edges to accurately 

calculate how the fluid reacts when in contact with the wheel. 

 

 

Figure 38 a. Side view of the Volute with 
Visible Mesh 

Figure 38 b. Volute mesh in Section Cut View 

Figure 39 a. Close-up of the wheel’s mesh (Blade 
side) 

Figure 39 b. Close-up of the wheel’s mesh (Shroud 
side) 
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Table 7 Wheel Mesh 

Object Name 
INLET-SHROUD-

BLADE-HUB-OUTLET 
BLADE TOP SIDE 1 AND  2 SHROUD SIDE 

Type Factor of Global Size 

Element Size Factor 
8.e-002  

(5.6e-004 m) 
1.e-002 

 (7.e-005 m) 
0.2 

 (1.4e-003 m) 
        6.e-002 
 (4.2e-004 m) 

Defeature Size Factor 5.e-003 (3.5e-005 m) 

Global Size Factor 1.2 

Curvature, again, was captured for the wheel shroud and blade with Min Size Factor 

of 5.e-003 (3.5e-005 m), and 1.e-002 (7.e-005 m) for the hub. 

Outlet 

Table 8 Outlet Mesh 

Object Name INLET-WHEEL NOSE VALVE WALL 

Type Factor of Global Size 

Element Size Factor 8.e-002 (5.6e-004 m) 
0.1 (7.e-004 m) 

0.25 (1.75e-003 m) 

Defeature Size Factor 5.e-003 (3.5e-005 m) 5.e-002 (3.5e-004 m) 

Global Size Factor 1.2 

Capture curvature  Yes 

Curvature Normal Angle   18o 

Curvature Min Size Factor  6.e-002 (4.2e-004 m) 0.1 (7.e-004 m) 

 

 Regarding the Outlet, Figures 40a-c show the cross sections of the regions of interest. 

Figure 40a shows the boundary layers meshed with prisms around the wall and the valve 

while body sizing in the freestream was employed to accurately represent the flow regime 

around the valve. Figure 40b focuses on the wheel nose area, and finally, Figure 40c 

encompasses the entire diffuser, showing the meshing strategy with finer mesh in the regions 

specified in Table 8 and a coarser global mesh size extending towards the freestream. 
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a) b) 

c)  

Figure 40 a-c. Different Close-ups of the Outlet Mesh 

The target element was tetrahedral elements (Tet4) for the free stream, while 

prismatic elements (Wed6) were used near the walls, where critical variables experience 

rapid changes, such as the velocity component due to the no-slip condition. For this reason, 

the inflation method was used to ensure an accurate boundary layer region. The selection of 

the SST turbulence model required the target y+ to be around 2 for precise boundary layer 

predictions and adjustment of the prismatic cell layer parameters was performed iteratively 

by monitoring these values. 

For 2 < y+ < 11, the boundary layer will be a blend between wall functions and low-Re 

formulations and for higher y+ values, SST is adequate but will not deviate much from the k-ε 

model. With the First Layer Thickness function, the first layer height was 1e-005 m with a 

growth rate of 1.2 meaning every layer is 20% bigger than the previous. The maximum layers 

were 14 for the wheel Shroud, Hub, Blade, and Blade top and 18 for the outlet wheel nose 

and valve, and both Outlet and Volute walls. CFX provides an automatic near-wall treatment, 

so Near-Wall formulations will not be further analyzed. 
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Concerning the y+, it is consistently below 2 in the outlet, as shown in Figure 41. At 

the wheel [Fig. 42], the y+ is again under 5, with most of the cells reaching the target of 2. 

Only the shroud area exhibits a peak in the y+ of around 30, which is still considered 

acceptable considering only a few cells are part of the problematic region. Figure 43 

illustrates that the volute wall’s y+ target of 2 is reached as recommended, with only a high 

y+ area present that is automatically treated. Due to its localized nature, this should not 

introduce any significant discrepancies in the model. 

Figure 41 Yplus contour at the diffuser’s walls. 

 

 

Figure 43 Yplus contour at the volute’s wall. 

Figure 42 Yplus contour at the wheel. 
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Figure 44 Eddy Viscosity Ratio at the Diffuser’s TT plane 

  

Figure 45 Eddy Viscosity Ratio at the outlet and boundary layer close up  

 

Figures 44 and 45, depict the eddy viscosity ratio for the internal flow based on Eq. 29. 

The results are realistic as 𝑣𝑅 is very low at the boundary layer and increases as turbulence is 

realized at the main flow. 
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𝑣𝑅 =
𝑣𝑡

𝑣
 

Eq. 29 

where 𝑣𝑡 is the eddy viscosity and 𝑣 the dynamic viscosity of the fluid. 

4. Turbine Stage Simulation: Case Studies 

4.1  Grid Independence Study 

A grid independence study was conducted to ensure proper global mesh size with a total of 

five models tested with elements lengths ranging from 9mm to 5mm. The boundary 

conditions applied and the target parameters (mass flow and efficiency), are in accordance 

with the experimental data extracted from the turbine map and can be seen below. In 

addition to evaluating efficiency and mass flow deviation, secondary parameters such as 

mesh metrics, the number of elements, and computational time were also considered. 

Table 9 B.Cs : Grid Independence 

Inlet Total 
Temperature 
[°C] 

Inlet Total 
Pressure 
[Pa] 

Turbine Speed 
(physical) [rpm] 

Outlet 
Static 
Pressure 
[Pa] 

Measured 
Efficiency 

Measured 
Mass Flow 
[kg/s] 

620 207979.625 83800 101325 0.7719 0.28185 

4.2.1 Results 

Given the complexity of the problem stated and the available resources, a narrower range 

was selected and analyzed starting with an already fine mesh, to examine more in depth the 

behavior of the model during element resizing. The simulations were carried out using a 

cloud service (Rescale), which significantly reduced the time required for computation. In this 

case, the comparison is qualitative and does not take into account the additional time 

required for meshing, as this aspect was evaluated locally. 
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Table 10 Grid Independence Study Results  

 

Figure 46 indicates that with a global element size of 0.008 m (Model 2), the efficiency 

falls within a 0.1% range, and convergence has been achieved. It is important to note that the 

efficiency deviation contains an error of approximately 5%, which will be discussed further in 

Chapter 4.2.1 and is used primarily for qualitative convergence depiction. 

 

Figure 46 Efficiency Plot for different element sizes 

 

In Figure 47, the corrected mass flow plot is presented and upon closer inspection, 

although the results are quite similar, Model 3 exhibits a slight drop in mass, which aligns 

more closely with the test data, followed by an increase after Model 4. Convergence has 

already been achieved, but this phenomenon may show that a mesh refinement threshold 

has been reached. Due to the complexity of the model, even slight changes in mesh (~1mm), 

can impact the flow regime. Coarser mesh [Model 1,2] is not realistic enough and beyond 

Model 
# 

Global length 
[mm] 

Number of 
Elements 

Efficiency 
Corrected Mass 

Flow 
Timescale 

1 9 8185735 0.794 0.2788 - 

2 8 9866895 0.805 0.2788 10% 

3 7 12247322 0.807 0.2780 21% 

4 6 15777793 0.806 0.2805 81% 

5 5 21285529 0.808 0.2814 113% 

0.79

0.795

0.8

0.805

0.81

0 1 2 3 4 5 6

Efficiency
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Model 3, the mesh is too fine, resulting in the solver calculating additional flow features that 

interfere with the primary flow.  

Taking these factors into consideration, along with the significant increase in 

computational time for each step, the mesh size was decided to be 7mm. Due to the various 

mesh zones in the model, there is a plethora of parameters to consider, making it a topic for 

future improvement.  

 

 

Figure 47 Corrected Mash Flow plot for different element sizes.  

4.2 Experimental Evaluation: Gas Stand 

 

A gas stand test was carried out to assess the turbocharger’s performance, reliability, 

and overall efficiency. This evaluation involved the installation of the turbocharger on the 

test stand with attention to ensure airtight connections. Furthermore, the test involved 

mounting the turbine inlet to the manifold and replicating real-world operating conditions. 

The performance maps are generated by controlling pressure ratios, engine speed, 

and mass flow while measuring temperatures and pressures with sensors at both the 

turbocharger's inlet and outlet. The setup of the Gas Stand Test can be seen in Figure 49. The 

corresponding turbine map was used to evaluate the model. For this evaluation, twelve 

design points, listed in Table 10, were strategically selected, with each group represented by 

0.2500

0.2600

0.2700

0.2800

0.2900

0.3000

0 1 2 3 4 5 6

Corrected Mass Flow Chart 
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a different speed line, starting with a pressure ratio (PR) of approximately 1.4 to decrease 

uncertainty. Finally, the corresponding turbine map was created by extrapolation.  

The input parameters were recalculated by the data and 𝑃2𝑡 was set to the reference 

Pressure of 1 atm, 𝑇1𝑡 to 620 °C or 893.15 K and was considered stable as the measurements 

have shown that the fluctuations produce an error ≤ 0.51% with the maximum deviated 

temperature measured to be 897.7K [Appendix C]. The reference temperature 𝑇𝑟𝑒𝑓 is set to 

288K, 𝑃1𝑡 was recalculated based on the measured pressure ratios and Turbine speed was set 

to be the physical speed by multiplying the measured speed as in Eq. 12.  

It is important to note that the measured efficiency includes factors such as thermal 

and bearing losses, geometrical imperfections, and measuring errors. As a result, some 

deviation between the measured data and simulated data can be expected. This deviation 

varies depending on the application but is typically within an error margin of 5%. To 

confidently assess the accuracy of the model, the most crucial parameter to correlate is the 

measured corrected mass flow, as defined by Eq. 11. 

Table 11 BCs: Gas Stand 

N,corr 

[rpm] 

Wt,corr 

[kg/s] 
PRT Efficiency 

P1t 

[Pa] 

Nphys 

[rpm] 
DP Group 

35107 0.23111 1.4425 0.7631 146161.31250 61824.4 1 
 

1 
35108 0.23793 1.4842 0.7611 150386.565 61826.1 2 

35139 0.24795 1.5361 0.7503 155645.3325 61880.7 3 

41392 0.25141 1.6226 0.7522 164409.945 72892.4 4 
 

2 
41404 0.26212 1.7167 0.7545 173944.6275 72913.6 5 

41391 0.27142 1.7984 0.7582 182222.88 72890.7 6 

47561 0.27296 1.9115 0.7675 193682.7375 83756.2 7 
 

3 
47586 0.28185 2.0526 0.7719 207979.695 83800.2 8 

47581 0.28702 2.1534 0.7692 218193.255 83791.4 9 

53738 0.2852 2.3078 0.7696 233837.835 94634.1 10 
 

4 
53761 0.28876 2.4445 0.7694 247688.9625 94674.6 11 

53803 0.29058 2.5577 0.7693 259158.9525 94748.5 12 
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A fully assembled wastegated turbocharger is mounted to the engine to evaluate the 

efficiency and to produce the maps. Every hole is airtightly closed (see Figure 48), and a 

stopper is placed at the wastegate to ensure that no mass flow is allowed.  

 

 

The extension length was important, as it notes the location of the sensors that are 

placed at the inlet and outlet measure the corresponding air mass flows, temperatures, 

pressures, and the turbo speed. In a realistic Gas Stand test, the outlet sensors can be 

positioned up to one meter away from the turbine outlet. However, in this setup, the 

distance was approximately 0.5 meters, as indicated by the red boxes in Figure 49. The pipe 

length, due to the adiabatic wall assumption, can only influence the pressure drop, so two 

models were tested: Model 1 with the real pipe length [Fig. 50b] and Model 2 with an 

extension just enough for the flow to be realized as discussed in 3.8.2.  

 

 

 

Figure 48 Close up of the assembled turbocharger Figure 49 Setup of the test and sensors’ position. 

Figure 50b.  Model 1 with realistic pipe length Figure 50 a. Model 2 with overall pipe 
length of 0.2 m 
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4.2.1 Results 

Figure 51 displays the turbine map, with the blue lines representing the map generated 

by simulations and the red lines representing the corresponding test data measured at specific 

points. It's worth noting that there is some deviation in the overlap of the efficiency lines, due 

to insufficient sample for adequate extrapolation. The results of the simulations are shown as 

light blue and yellow lines in the turbine map, and the data corresponding to these simulations 

are presented in Table 11. It's evident that both models provide a very accurate estimation of 

corrected mass flow, with an error that does not exceed 2%.  

This demonstrates the effectiveness of the simulation models in predicting corrected 

mass flow, aligning well with the test data. 

 

Figure 51 Generated Turbine Map with integrated CFX data. 

 

The efficiency lines are shifted up, with a deviation within the 5% margin, which was 

expected due to the losses mentioned above. The pressure profile varies between the two 

models, and this can be visualized in Figure 53, which shows the total pressure, along with 

velocity streamlines. As anticipated, the smaller model (Model 2) exhibits higher outlet 

pressures because of the shorter pipe length. In Figure 52, the outlet static pressure is 

presented, and the comparison between the two cases reveals that the difference is relatively 

small, (~100 Pa). The evaluation was conducted through the whole model without considering 
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only the values at the sensor’s locations because it serves only as an estimation and the main 

focus is how the length affects the overall values extracted by the CFX. The importance of these 

findings lies, also, in proving that an arbitrary outlet length for the combined turbocharger-

catalyst simulation [Chapter 5] can be used as a preliminary approach to understand the 

system’s behavior.  

Regarding the gas stand simulation, it serves as a good initial step to validate the setup, 

but for the purposes of this study, a gas stand test with an open wastegate should be scheduled 

to gain detailed insights into the behavior of this turbocharger. 

 

Table 12 Gas Stand Test Results 

MODEL 2 
 

EFF Wt, corr %ERR EFF %ERR Wt 

0.789 0.229513 3.39 -0.69 

0.787 0.237303 3.40 -0.26 

0.783 0.245335 4.36 -1.05 

0.7899 0.249622 5.01 -0.71 

0.7912 0.260559 4.86 -0.60 

0.786 0.268306 3.67 -1.15 

0.8033 0.267550 4.66 -1.98 

0.807 0.277976 4.55 -1.37 

0.796 0.283773 3.48 -1.13 

0.7932 0.281575 3.07 -1.27 

0.801 0.285280 4.11 -1.21 

0.803 0.286424 4.38 -1.43 

MODEL 1 

EFF Wt, corr %ERR EFF %ERR Wt 

0.791 0.229513 3.66 -0.69 

0.791 0.236117 3.93 -0.76 

0.783 0.245335 4.36 -1.05 

0.792 0.249622 5.29 -0.71 

0.7961 0.261584 5.51 -0.20 

0.792 0.269285 4.46 -0.79 

0.8013 0.269935 4.40 -1.11 

0.807 0.279691 4.55 -0.77 

0.805 0.284591 4.65 -0.85 

0.811 0.282338 5.38 -1.00 

0.8107 0.286 5.37 -0.96 

0.807 0.287801 4.90 -0.96 

Figure 52 Pressure at the outlet of Model 2 (left) and Model 1 (right) 
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Figure 53 Total Pressure between Model 2 (left) and Model 1 (right)  

 

 

4.3 Wastegate Openings Study 

 

Before the description of the turbine with the integrated aftertreatment model, it is 

essential to first understand the separate behavior of the turbine under changes in the 

wastegate angle. In total, six models were assessed, with boundary conditions of 202.647 kPa 

pressure and 620oC temperature at the inlet, a turbine speed of 92689 rpm and ambient 

pressure at the outlet. These boundary conditions were chosen based on testing data and the 

possibility to correlate them. 

 

Throughout these simulations, the boundary conditions remained constant as the 

wastegate angle was gradually adjusted. The goal was to observe the efficiency drop and 

mass flow that occurs as the wastegate angle changes. In a real-world scenario, the 

wastegate angle depends on the actual operating conditions, and it opens accordingly. In this 

study, the wastegate angle was controlled via the ECU's signal, as discussed in Chapter 2.4. 

 

The models were evaluated starting from a fully closed valve position (0o) and 

gradually increasing the angle with a step of 5o until it reaches the fully opened position of 

25o for this application. The angle is defined as the angle between the vertical plane, where 

the poppet is in direct contact with the diffuser wall when full closed and the face of the 

poppet [Fig. 32 a]. 



 

55 | P a g e  

 

4.3.1 Results 

The efficiency experienced a relatively steady loss of around 6% through the first four 

positions and then the rate declined to 2% and 4% respectively. Likewise, the mass flow 

through the wastegate increases rapidly to 85% from 0o to 5o, and then the increase flattens 

to 35%, 15%, and 8% accordingly, as portrayed in Figure 54. 

 

 

 

Figure 54 Turbine efficiency and WG mass flow plots for different openings 

 

 

In Figures 55 a-e, the local pressure distribution at the valve when the air encounters 

the wastegate is presented. Due to the closed wastegate’s modeling approach of placing a wall, 

the first model has been excluded. The flow patterns are depicted using velocity streamlines 

that are colored based on the Mach Number (ranging from 0 to 1). The valve is designed to 

withstand high pressures and it is obvious that pressure minimizes as the channel is opened 

further. The flow escapes around the valve and hits the walls creating local stagnation points 

that will prove to be a problem and are studied in detail in Chapter 5.6. This unsteadiness 

maximizes in the last two models and is more clearly shown in Figures 55 d, e. 
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a. WG angle 5o 
b. WG angle 10o  

 

 

c. WG angle 15o 

 

d. WG angle 20o 

 

e. WG angle 5o 

Figure 55 Pressure at the Valve and streamlines for different openings. 

 

In Figures 56a-f the velocity contour maps are presented at the TT plane of the 

diffuser. The wastegate’s channel ending, forces the flow towards the main channel and 

creates a distinct jet. This jet flow remains attached to the boundary and, due to the Venturi 

effect, induces an upward flow diversion away from the central axis. Model 5 [Figure 56e], 

which represents the 20o opening, exhibits a more stable pattern, largely attributed to the 

specific angle at which gas impacts the valve and is guided toward the diffuser's neck. 
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a. Model with Closed WG b. WG angle 5o 

c. WG angle 10o d. WG angle 15o 

e. WG angle 20o f. WG angle 25o 

Figure 48 Velocity Contours at the Diffuser for every case (TT plane) 

 

         Additional velocity contours at the outlet face of the diffuser are studied [Figure 57 a-f]. 

The flow loses uniformity progressively with the valve opening, while exiting the diffuser. In 

these figures, blue areas represent stagnant regions, while at the top, there is a maximum 

velocity zone due to the jet effect.  
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a. Model with Closed WG b. WG angle 5o c. WG angle 10o 

d. WG angle 15o e. WG angle 20o f. WG angle 25o 

Figure 49 Velocity Contours at the Outlet for every case. 

 

Figures 58 a-f display the temperature distribution at the diffuser outlet. As anticipated, 

the opening of the wastegate leads to higher temperatures distributed over a larger area. 

However, due to the geometric constraints of the model, hotspots are generated, while in the 

majority of the surface, the temperature remains significantly lower.  

a. Model with Closed WG b. WG angle 5o c. WG angle 10o 

d. WG angle 15o e. WG angle 20o f. WG angle 25o 

 
Figure 58 Temperature Contour at the Outlet for every case. 
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5. Aftertreatment System Design Of Experiment (DOE) 

 

5.1 Introduction 

A Selective Catalytic Reduction (SCR) catalyst is one of the preferred methods used to 

mitigate the environmental impact of internal combustion engines (ICEs), especially diesel 

engines that produce significantly more NOx emissions. The SCR catalysts are often vanadium 

or zeolite-based and they are structured in a honeycomb geometry. The function of the catalyst 

is to turn the harmful NOx into nitrogen (N2) and water with the use of a urea-based agent 

that is injected into the exhaust steam prior to entering the catalyst. The aftertreatment of a 

heavy-duty diesel vehicle usually consists also a diesel particulate filter (DPF), a diesel oxidation 

catalyst (DOC), an exhaust gas recirculation device or other technologies. 

Previous studies [24] have highlighted the significance of several parameters in 

enhancing catalyst performance. Space velocity is an indicator of the residence time inside the 

catalyst, ultimately affecting the conversion rate. Ageing is also a crucial factor and should be 

avoided as much as possible for prolonged catalyst life and higher efficiency. The effects of 

flow distribution at the catalyst inlet, pressure drop, and Light-off time are going to be the 

focus of this study, and their optimization by utilizing the turbocharger’s characteristics are of 

great importance in the automotive industry. 

The software used for the simulation of the catalytic converter was ANSYS CFX. The 

model consisted of the turbocharger connected to the catalyst through a pipe. Many geometric 

parameters have been identified as influential factors in the characteristics mentioned earlier 

and, consequently, in catalytic efficiency. More specifically, the effects of inlet pipe angle [25, 

26], pipe length and inlet diameter [27] as well as permeability factors [28,29] have proven to 

be significant regarding flow distribution and pressure drop. 

 In this model, the geometry of the catalyst was standard, without parametrization, as 

a preliminary approach to quantify only the by-pass valve influence. The catalytic converter 

geometry is based on a standard model, as shown in Figure 59. The pipe length, which affects 

pressure drop, will remain constant (0.2m) for a qualitative comparison of results. Other 

common configurations, often characterized by angled or multiple turns due to packaging 

constraints, along with variable geometric characteristics, could be the focus of future work. 
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The catalyst comprises a monolith-type substrate and a thin catalytic wash coat, both 

enclosed in a can. One approach is to individually create multiple representative channels and 

describe each one in detail before combining them in one macro-model by extrapolation. This 

approach is a very accurate solution but the representation of the full catalyst [30] is very time-

consuming, and one needs to have all the appropriate data for validation. The second, more 

appropriate in the present case, approach is to simulate the catalyst as a continuous porous 

medium. Numerous studies [31,33,37] have been conducted regarding this volume averaging 

method deeming it appropriate and reliable. Despite simplifications at the micro-level, it 

accurately describes the macro flow behavior, providing a better understanding of the 

influence of the wastegate angle. 

 

5.2 Setup 

 

The setup consists of the turbine, which was analyzed in the previous chapters, 

connected to the catalyst as described in the introductory section. The numerical analysis did 

not account for the chemical behavior of the catalyst, radiation, or buoyancy phenomena. It 

has been demonstrated that incorporating a non-adiabatic reaction model into a flow model 

has minimal impact on flow distribution prediction, as indicated by Bennett et al. [32]. Given 

the significant temperature difference between the exhaust gas and the ambient environment, 

the walls were assumed to be adiabatic, with thermal conductivity present only in the flow 

direction.  

 

 

Figure 59 Assembly Visualization in ANSYS 
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The diffusor or catalyst inlet has a turbulent flow profile that quickly becomes laminar 

when entering the monolith. Downstream the flow profile is transitional but cannot be 

captured adequately using the k-ω SST model employed [33], but further examination is 

beyond the scope of this study.  

 

 

5.2.1 Flow and Temperature Uniformity  

The durability of the catalytic converter and the emission conversion efficiency are 

greatly impacted by the flow distribution across the catalyst’s inlet surface. To quantify the 

area-weighted uniformity of a variable φ, as described in Eq.30. 

𝛾 = 1 −
∑  𝑖=1

𝑛
  [(|𝜑𝑖 − 𝜑mean ̅̅ ̅̅ ̅̅ ̅̅ |)𝐴𝑖]

2 ⋅ |𝜑mean ̅̅ ̅̅ ̅̅ ̅̅ | ⋅  𝐴 
 

Eq. 30 

The index γ can take values up to 1, targeting as high values as possible for increased 

uniformity. More specifically, the flow uniformity, first carried out by Weltens et al. [34] will be 

calculated as: 

 

𝛾 = 1 −
1

2

∑  𝑛
𝑖=1 |𝑣𝑖 − 𝑣mean |𝐴𝑖

𝐴𝑣mean 
 

Eq. 31 

 

Figure 60 Flow Characteristics inside the catalyst [33] 
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Where 𝑣𝑖  describes the local velocity, 𝑣mean the average velocity, 𝐴𝑖  the local area and 

𝐴  the cross-sectional area of interest. Flow uniformity is key, given that it allows for maximum 

utilization of catalyst volume. 

The corresponding expressions used to calculate the γ index are portrayed in Table 13. 

For most catalysts, a flow uniformity of minimum 95% should be achieved in order to operate 

properly so the target γ will be 0.95 and over. 

 

Table 13 ANSYS Code for Flow Uniformity Index 

AV1 areaAve (Velocity)@ Cat Inlet Cat Inlet is a plane created with a 

slight offset from the catalyst inlet 

representing the flow regime in 

the beginning of the monolith. 

Measurements were according to 

the CAD. 

Num sum (abs (Velocity- AV1) *Area) @Cat Inlet 

Den 2*abs (AV1) *area () @Cat Inlet 

Gamma 1-(Num/Den) 

 

Another important variable to be quantified is the temperature uniformity where the 

target is changing depending on the application requirements. High values of γ are not 

necessarily beneficial if the temperatures are below the light-off and low uniformity depending 

on where the hotspots are located can be a factor of quicker heat up or cause of ageing.  

 

5.2.2 Pressure Loss 

The pressure loss through the aftertreatment is a significant monitor point as it causes 

excess backpressure, affecting the engine performance. Within the substrate, Reynolds 

number is below 1000, and therefore, the pressure drop due to the laminarity of the flow is 

calculated using the modified Darcy’s Law with the inclusion of Forchheimer term [Eq. 32].  
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Δ𝑃

𝐿
= −(

𝜇

𝛼
𝑣 + 𝐶2

1

2
𝜌𝑣 

2) 

Eq. 32 

where: 

𝑣   = superficial flow velocity, which is derived by considering the porosity of the medium [ 
𝑚

𝑠
 ] 

𝛼   = Permeability [𝑚2 ] 

𝜇   = dynamic viscosity of the fluid [𝑃𝑎 ∙ 𝑠] 

𝐶2   = Inertial Loss Coefficient [𝑚−1] 

𝐿   = thickness of porous domain in the flow direction [𝑚] 

𝜌   = fluid density [ 
𝑘𝑔

𝑚3
 ] 

 

For the analytical calculation of the Pressure drop, an excel was created, shown in 

Appendix D. Figure 75 depicts the deviation between the CFX prediction and the numerical 

calculation.  

                The permeability α was set to 2.46154e-8 m2  and C2 was set to 4.66 
1

m
  according to 

the manufacturer data. Based on literature, the transverse loss was described as the 

streamwise multiplied by coefficients which were set 1000 times greater than actual to 

ensure there is no lateral flow inside the catalyst. The volume porosity was set to 0.8072 and 

the loss was set to directional with true velocity.  

The decision between true and superficial velocity is determined by the placement of 

the sensors. If during physical testing the sensors are located inside the catalyst, the 

coefficients are calculated for true velocity. Otherwise, if they are in front of the catalyst, 

then superficial velocity is used. For this application, the selection was 𝑣𝑡𝑟𝑢𝑒  due to absence 

of experimental data. 

5.2.3 Velocity Deviation Index 

Figures 66a-f depict the velocity profiles at the three planes of the catalyst (inlet, 

middle, and outlet) where it is evident that high velocities are concentrated in specific spots. 

Because the variation in magnitude is localized, relying solely on the flow uniformity index is 
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insufficient to provide an accurate description of the flow characteristics. Consequently, an 

additional parameter, the flow deviation index, needs to be introduced based on: 

𝐷 = (∫
|𝑣 − 𝑣𝑚𝑒𝑎𝑛|

𝑣𝑚𝑒𝑎𝑛
 𝑑𝐴

 

𝐴𝑖

)𝐴𝑖  

Eq. 33 

The smaller the deviation index, the closest the local velocity magnitude is to the 

average velocity. Comparable with γ index, they have an inversely proportional relationship 

aiming for higher flow uniformity values while trying to decrease the deviation as much as 

possible. A corresponding expression for the D index was programmed, utilizing variables that 

were described in Table 13. It is important to note that the velocity used in this expression 

should be specified in the axial direction but, based on the assumption that no lateral flow 

takes place inside the catalyst, its magnitude equals the overall velocity’s magnitude. [18] 

5.3  Boundary Conditions 

As observed in Chapter 4.3, the temperature profile at the outlet is characterized by 

hot spot generation. This phenomenon suggests that a fully opened wastegate may not 

significantly benefit the aftertreatment heat up process if it is not centered, and a redesign of 

the wastegate channel could be more beneficial. The purpose of this simulation is to quantify 

the advantages of opening the wastegate at the engine startup for decreasing the heat up time 

and, thus, increasing after treatment efficiency. For this reason, instead of studying the effect 

of a fully opened wastegate, six models were assessed [Refer to Chapter 4.3]. 

 

A total of two different sets of boundary conditions were applied, as described in Table 

14. It was concluded that while using the first set, a wall was placed at the outlet by the solver 

because of flow instabilities in the first ten iterations. This was in accordance with literature 

that deems set 2 a more robust set of boundaries for complex applications. Finally, in order for 

the model to converge without interruptions, the incorporation of an outlet extension was 

required. The values were derived based on the measurements shown in Appendix B and 

represent the conditions during the engine’s cold start at 900 rpm. 
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Table 14 BCs: Turbocharger with SCR 

SET Inlet Conditions Outlet Conditions Turbo Speed 

1 𝑷𝟏𝒕=99700 Pa 𝑇1𝑡 = 550oC 𝑃2𝑡,𝑠𝑡𝑎𝑡= 113525 Pa 86160 rpm 

2 𝒎̇𝒕=0.3003 
𝒌𝒈

𝒔
 𝑇1𝑡 = 550oC 𝑃2𝑡,𝑠𝑡𝑎𝑡= 113525 Pa 86160 rpm 

 

5.4  Domains  

For the turbocharger domains, please refer to Chapter 3.4. The turbocharger’s diffuser 

section was extended and an interface with the catalyst was integrated in place of the outlet. 

The additional domains are detailed in Tables 14-16. The catalyst’s inlet and outlet regions, 

highlighted in orange and yellow in Figure 59, were modeled as fluid regions with the same 

characteristics as mentioned earlier. 

Table 15 Catalyst Inlet Domain 

Domain Boundary surface Boundary type Details 

CAT_IN 

Catalyst Inlet Wall Wall Smooth, No slip Wall, Adiabatic 

Interface Catalyst Inlet – 

Diffuser Outlet  
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

Interface Monolith-

Catalyst Inlet [Side 1] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

 

Table 16 Monolith Domain 

Domain Boundary surface Boundary type Details 

CAT_MAIN 

Monolith Wall Wall Smooth, No slip Wall, Adiabatic 

Interface Monolith-

Catalyst Outlet [Side 1] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 
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Interface Monolith-

Catalyst Inlet [Side 2] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

 

 

Table 17 Catalyst Outlet Domain 

Domain Boundary surface Boundary type Details 

CAT_OUT 

Catalyst Outlet Wall Wall Smooth, No slip Wall, Adiabatic 

Catalyst Outlet  

(Exhaust) 
Outlet 

Subsonic Flow, Mass and 

Momentum: Static Pressure*  

Interface Monolith-

Catalyst Outlet [Side 2] 
Interface 

Conservative Interface flux for 

Mass and Momentum, 

Turbulence and Heat Transfer 

 

The interfaces between the catalyst’s inlet, the catalyst and the catalyst’s outlet were 

Fluid-Porous interfaces with a GGI connection while the interface between the diffuser and the 

catalyst’s inlet was defined as Fluid-Fluid. 

 

7.5 Meshing 

The meshing for the turbocharger was conducted as outlined in Chapter 3.9. In the 

case of the catalyst's inlet and outlet, an inflation approach was applied, consistent with the 

mesh strategy used for the outlet wall. The mesh for the monolith was generated using a 

sweep method, incorporating a combination of quadrilateral (quad) and triangular (tria) 

elements. After some initial trial and error, the number of divisions was set to 100. The 

quality criteria for mesh elements were maintained, resulting in a total element count of 

14210769. 
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Figure 61 Catalyst Meshing Close up: Sweep Mesh Approach  

5.6 Results 

Figure 62 provides a side view of the model, showcasing the velocity streamlines that 

are color-coded to represent fluctuations in Mach numbers. The basic flow characteristics 

have been captured accurately, as the exhaust gases enter the volute and spin the impeller 

losing kinetic energy, the Mach number drops from one end to the other. Upon entering the 

catalyst, the flow exhibits turbulence, but it becomes laminar inside the monolith before 

transitioning, as illustrated in Figure 60. 

 

 

Figure 50 3D velocity streamlines through the whole assembly 
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Temperature 

The temperature contours are displayed in three main planes along the catalyst’s 

length. Moving from right to left, the planes represent the entrance into the substrate, a 

middle point, and the outlet. In Figures 63 a-f, the contours depict the local temperature 

calculated in every model for easier comparison. The temperature exhibits a noticeable 

increase in the first four valve opening positions, but locally drops in the fully open position, 

and the hot spot is not clearly evident. This phenomenon will be further explained in the 

following sections.  

 

a. Model with Closed WG b. WG angle 5o 

c. WG angle 10o d. WG angle 15o 

e. WG angle 20o f. WG angle 25o 

Figure 51 Local Temperature Contours at the catalyst’s main planes for all domains. 
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Despite the hot spot generation, there is a gradual trend toward temperature 

homogenization, which is more clearly depicted in Figures 64 a-f, where the contours are 

plotted in regards with the individual model’s temperature variations. Although a closed 

wastegate provides a more uniform profile, the maximum value is 65o C lower than the one 

achieved with a wastegate opening of 20o.  

 

a. Model with WG closed b. WG angle 5o 

c. WG angle 10o d. WG angle 15o 

e. WG angle 20o 
f. WG angle 25o 

Figure 64 Local Temperature Contours at the catalyst’s main planes for individual domains 

 

Generally, hotspots should be avoided because increased temperature in a targeted 

region can cause operational problems like local yielding, which deteriorates the quality of 

the aftertreatment device. During cold start, the variations are not large enough for the 

locality to become a problem but should be taken into consideration for higher engine speeds 
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and may require further studying. Finally, depending on the application and the SCR’s 

requirements, a middle range opening can be beneficial due to the trade-off between hot-

spot generation and uniformity.  

 

a. Model with WG closed b. WG angle 5o 

c. WG angle 10o d. WG angle 15o 

e. WG angle 20o f. WG angle 25o 

Figure 65 Temperature Contour at The TT Plane for different cases. 

 

Figures 65 a-f, show the effects of the detachment of the flow in the temperature 

field. It is important to note that high temperatures near the walls indicate that a non-

adiabatic study would be beneficial to have a better understanding of the dynamics during 

cold start and how they influence the results. 
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Velocity 

As demonstrated previously, the gases decelerate as they enter the substrate due to 

the porosity and regain some of their kinetic energy at the outlet region. As discussed, flow 

uniformity is crucial in to take advantage of the whole catalyst’s volume. Regarding Figures 

66 a-f, the velocity contours inside the catalyst are shown, and it is visible that the gradient 

change rapidly at the top-left part due to the wastegate’s channel positioning. It is clear that 

the middle section depicts the lowest entrance velocity as recirculation occurs.   

 

a. Model with WG closed b. WG angle 5o 

c. WG angle 10o 
d. WG angle 15o  

 

e. WG angle 20o f. WG angle 25o 

Figure 66 Local Velocity Contours at the catalyst’s main planes for all domains 
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Figure 67 γ Index vs D Index plot at various openings 

 

As previously explained, the flow uniformity index alone is not very representative in 

this case, so Figure 67 shows the plot of γ vs the velocity deviation. As the wastegate opens 

further than 10o, both factors deteriorate rapidly, with the best combination seeming to be 

the 5o opening. In the fully opened position, the 95% target is not reached, but it remains 

within acceptable limits. 

 

Figure 68 offers a closer look into the velocity vector in the Middle Plane (TT) of the 

fully open model, providing insights into the flow characteristics and how the fundamental 

features of this system impact the overall process. 

  

In Figure 69, it is evident that the angled valve divides the flow as a portion of the gas 

escapes over the top of the valve into the wastegate channel, creating vortices. This is not 

necessarily a bad thing, as it redirects the separated flow back into the main channel at the 

neck. However, the channel design does not allow the wastegate flow to enters smoothly the 

main flow, as it hits the wall creating a major stagnation point and ultimately, reattaching fully 

in the nozzle area, forming a jet flow.  

 

0%

2%

4%

6%

8%

10%

12%

94.8%

95.0%

95.2%

95.4%

95.6%

95.8%

96.0%

96.2%

96.4%

96.6%

0 5 10 15 20 25 30

Wastegate angle [o]

Flow Uniformity Index Flow Deviation Index



 

73 | P a g e  

 

 

Figure 68 Velocity Vectors at the TT Plane of the assembly  

 
Figure 69 Close Up on the velocity vectors at the valve Channel 

 

Looking at Figure 70, it is obvious that wastegate flow amplifies the flow at the top of 

the model, while a less prominent profile is observed at the bottom. There are three main 

vorticities in the main channel, two of which can be attributed to low turbine speed and are to 

be expected, as they are in front of the turbine wheel. The third vorticity on the right side, is 

due to the fluid recirculation caused by the high porosity of the catalyst. By extending the inlet 

of the catalyst, the latter vorticity can be contained in the front face of the substrate, which 

generally benefits the catalytic process, while also limiting its interference with the main flow 

in order to keep the static pressure contained.  
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Furthermore, there is a noticeable boundary layer separation on both sides of the 

aftertreatment's inlet. When combined with the higher velocity on the top part, this 

phenomenon generates another vorticity at the top corner. This vorticity should be avoided as 

it can lead to soot concentration and negatively impact the efficiency of the system. 

 

 

Figure 70 Close up on the velocity vectors at the main channel 

 

Pressure 

 

It can be observed in Figure 71, that an important pressure drop occurs within the 

porous region due to the inertial and viscous resistance of the porous media. The biggest 

pressure loss is in the middle section, where the fluid velocity changes as it passes through 

the catalyst. 

In a similar manner, the Pressure is presented in terms of Local Pressure range 

through all the cases at the inlet [Figs.72 a-f] and middle section [Figs. 73 a-f]. The outlet 
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contours were omitted, as they have a consistent pressure profile decreasing gradually at the 

middle section. 

 

 

 

a. Model with closed WG b. WG angle 5o c. WG angle 10o 

d. WG angle 15o e. WG angle 20o f. WG angle 25o 

Figure 72 Pressure Profiles at the Inlet plane of the catalyst 

 

Figure 71 Pressure Contour through the TT section of the whole assembly 
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a. Model with closed WG b. WG angle 5o c. WG angle 10o 

d. WG angle 15o e. WG angle 20o f. WG angle 25o 

Figure 73 Pressure Profiles at the middle plane of the catalyst 

 

The pressure drop was calculated inside the monolith as the difference of the average 

values in the planes II-II, portrayed in Figure 74. The total pressure drop through the whole 

device was quantified in the same manner at the planes I-I.  

Figure 74 Planes I-I, and II-II that represent the different measurement points. 
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The values were also calculated analytically, by utilizing the excel [Appendix D] based 

on Eq. 30. Figure 75 presents a comparison between the simulation-derived values and the 

calculations, deeming the simulation a relatively accurate representation with an error of 

prediction not exceeding 5%. 

 

Figure 75 Calculated vs Simulated Monolith Pressure Loss on different angle openings. 

 

Figure 76 depicts the plot of the pressure loss through the whole device for every 

wastegate angle opening. Data has proven that by opening the wastegate after 10o, the 

pressure drop remains relatively stable and does not peak. Especially between 15o-20o, it is 

almost identical, portraying a difference of only 7 Pa. 

 

Figure 76 Pressure Loss trend through Catalyst at different angles.  
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6. Conclusions and Recommendations 

6.1 Conclusion 

This Diploma thesis focused on investigating the impact of the wastegate valve's 

opening angle on the warm-up process of a specific commercial vehicle's turbocharger to the 

catalyst during cold start. The study involved the development of a reliable turbine-side model 

for the turbocharger, which was extensively described and validated against real 

measurements obtained from a Gas Stand. For the turbocharger model, the extensions with a 

minimum of two times the SWA diameter were proved to be satisfactory, and the results 

converged effectively. The meshing target length was also examined and for the particular 

application, further refinement was deemed unnecessary. The opening angle effects were 

simulated separately at first, before introducing the catalyst model, to better visualize the 

stand-alone behavior. 

Regarding the Selective Catalytic Reactor, different approaches were evaluated for the 

setup, with the sweep meshing combined with the porous media approach and the specific set 

of boundaries, as described, proving to be the most suitable. The boundary conditions were 

based on the engine specifications and were kept constant throughout the simulations to 

assess the impact of the different openings.  

While there are numerous unexplored parameters, which will be listed in the next 

subchapter as recommendations, the study concluded that a fully opened wastegate is not 

recommended. Considering the flow reintroduction angle, an opening between 15o-20o is 

more desirable, for the smoother main flow realization. Pressure Losses after 10o remain 

relatively stable, and a peak of Temperature happens at the 20o opening. Additionally, the drop 

in the efficiency of the turbocharger flattens after 15o with a relative drop of less than 2% at 

the 20o mark. Uniformity and deviation of the velocity quickly deteriorate after 10o but γ drops 

below 95% only at the fully open position.  
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6.2 Recommendations 

Throughout this research, adiabatic wall conditions were assumed. To fully understand 

how the through-wall heat transfer affects the results, a fully diabatic model should be 

assessed, considering all the losses that may occur [35]. Furthermore, there is room for 

improvement by conducting a transient analysis of the system. This would involve 

incorporating the engine's pulses by feeding the inlets at separate times to capture all the 

specific characteristics related to twin-scroll setups. Finally, the next step for the validation 

involves the scheduling of Gas Stand test with variable waste gate openings. 

In terms of system design, the model represented a basic configuration, and it is 

possible to be improved. One approach is to decrease the catalyst inlet angles to prevent the 

local vorticity and, in the absence of soot concentration, the catalyst efficiency will increase. 

Other geometries should be evaluated as well as changes in the inlet diameter, the pipe angle, 

or the pipe length, which are key factors of the overall behavior during cold start. This redesign 

can be a future step and the model can be tested with thermocouples at the catalyst to validate 

the simulation. 

Some suggestions are the redesign of the wastegate channel to ensure that the flow 

enters the main channel in a more centered way, increasing the uniformity and minimizing the 

thermal losses that may occur while it is mostly boundary-bend. A similar study was conducted 

for a simple PV turbocharger and has shown that the angle of reintroduction significantly 

increased the efficiency of the catalyst [36]. The diameter of the valve can also be increased to 

prevent the gas from flowing over it in most configurations [46], although it should be studied 

how it will be affected by the local pressure. 
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7. Appendix 

Appendix A: SCANIA Test Results 
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Appendix B: Engine Data Excel 

 Engine Data Reduction Program
    DATE:  11.02.2022 Number of Cylinders: 6

    ENGINE TYPE:  Scania CBE1U 560hp Engine Displacement: 12.740 (Litre)    

    TURBOCHARGER:  GT4594 Equivalent diameter, compressor inlet: 100.0 CID [mm]

    COMPRESSOR:  C345(94) Equivalent diameter, compressor outlet: 64.0 COD [mm]

    TURBINE:  T361(88) Equivalent diameter, turbine inlet: 80.0 TID [mm]

    COMMENTS:  Input by: PB

******************************   INPUT DATA    *****************************

ENGINE SPEED (ERPM) rpm 900.0 1000.0 1001.0 1100.0 1200.0 1201.0 1400.0 1800.0

POWER (P)    kW 268.8 298.7 146.4 328.9 359.1 175.0 418.8 419.9

FUEL FLOW (Wf) kg/h 45.9 50.9 25.2 56.4 62.0 30.0 74.2 77.5

(alternatively BSFC) g/kWh 170.7 170.4 171.9 171.4 172.8 171.5 177.2 184.5

AIR FLOW (Wa)  g/s 287.5 341.8 200.8 399.0 442.1 261.7 520.8 544.3
SMOKE INDEX UB

TURBO SPEED (N) rpm 86159.9 90555.3 62678.7 94990.0 98777.2 69289.8 105141.4 103904.8

COMPRESSOR INLET TEMP (T1c) °C 25.3 25.6 24.7 25.8 26.2 25.0 26.1 26.1

COMPRESSOR OUTLET TEMP (T2c) °C 155.8 165.6 90.2 174.2 183.8 101.3 196.0 183.1

CHARGE COOLER OUTLET TEMP (T2cac)°C 30.4 31.1 27.9 32.0 32.2 27.5 33.8 30.8

ENGINE INLET TEMP (T1e) °C 30.4 31.1 27.9 32.0 32.2 27.5 33.8 30.8

TURBINE INLET TEMP (T1t) °C 549.9 540.4 429.3 536.7 547.3 415.1 585.3 606.7

TURBINE OUTLET TEMP (T2t) °C 412.6 399.8 338.1 380.9 390.5 321.4 415.2 434.7

CHARGE COOLER COOLANT TEMP (T1x)°C 25.0 25.0 25.0 25.0 25.0 25.0 25.0 25.0

AMBIENT PRESSURE (P0) kPa abs 100.6 100.6 99.9 100.6 100.6 99.9 100.0 100.0

COMPRESSOR INLET PRESS (P1c) kPa g -0.7 -0.9 -0.4 -1.1 -1.4 -0.6 -1.8 -2.0

COMPRESSOR OUTLET PRESS (P2c) kPa g 185.7 205.8 78.5 224.7 239.6 93.1 252.1 183.5

ENGINE INLET PRESS (P1e) kPa g 182.3 201.0 75.8 218.9 233.1 89.2 243.1 171.5

TURBINE INLET PRESS (P1t) kPa g 99.7 120.6 54.0 143.5 166.5 71.0 213.2 222.9

TURBINE OUTLET PRESS (P2t) kPa g 12.2 15.7 6.3 18.6 22.9 8.9 31.6 34.7

EGR % 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

******************************   OUTPUT DATA    ***************************

Engine Performance 2.829 3.017 1.758 3.195 3.337 1.891 3.430 2.715

ENGINE SPEED (ERPM) rpm 900 1000 1001 1100 1200 1201 1400 1800

POWER (P) (METRIC) kW 268.8 298.7 146.4 328.9 359.1 175.0 418.8 419.9

POWER (P) (IMPERIAL) BHP 360.4 400.6 196.4 441.1 481.5 234.7 561.6 563.1

TORQUE (TQE) Nm 2852 2853 1397 2855 2857 1392 2856 2228

BMEP      MPa 2.813 2.814 1.378 2.816 2.818 1.373 2.817 2.197

FUEL FLOW kg/h 45.88 50.90 25.17 56.38 62.04 30.03 74.19 77.45

FUEL INPUT mm3/str. 337.2 336.7 166.3 339.0 342.0 165.3 350.5 284.6

BSFC  g/kWh 170.7 170.4 171.9 171.4 172.8 171.5 177.2 184.5

BSAC     kg/kWh 3.85 4.12 4.94 4.37 4.43 5.38 4.48 4.67

ENGINE PRESS DIFFERENTIAL (DPe) kPa static 82.6 80.4 21.8 75.4 66.6 18.2 29.9 -51.4

VOLUMETRIC AIR FLOW Va(1e)      dm³/s 88.5 98.9 98.7 109.3 116.1 119.4 133.8 174.9

ENGINE VOLUMETRIC EFFICIENCY (hvol) 0.927 0.932 0.929 0.936 0.911 0.937 0.900 0.915
AIR/FUEL RATIO 22.56 24.18 28.72 25.48 25.65 31.38 25.27 25.30

(AIR/FUEL RATIO)/STOICHIOMETRIC (l) 1.56 1.67 1.98 1.76 1.77 2.16 1.74 1.74

TEMP RISE ACROSS ENGINE (DTe) °C 520 509 401 505 515 388 551 576

(AIR/FUEL RATIO)×(ENGINE TEMP RISE) 11720 12312 11526 12860 13213 12160 13934 14571

ENGINE INLET AIR DENSITY (r1e)  kg/m³      3.247 3.455 2.034 3.649 3.808 2.192 3.893 3.112

Turbocharger Performance

COMPRESSOR TEMP RISE (DTc) °C 130 140 66 148 158 76 170 157

TURBINE TEMP DROP (DTt) °C 137 141 91 156 157 94 170 172

COMPRESSOR INLET AIR DENSITY (r1c)  kg/m³      1.167 1.163 1.164 1.160 1.155 1.161 1.143 1.141

CORRECTED COMP FLOW (Wc*) (METRIC)g/s 286 340 201 397 440 262 522 545

CORRECTED COMP AIR FLOW (Wc*) (IMP.) lb/min 36.12 42.94 25.38 50.12 55.54 33.09 65.79 68.75

COMP. PRESSURE RATIO (pc) (TOT/TOT) 2.866 3.070 1.800 3.264 3.417 1.953 3.568 2.832

COMP. ADIABATIC EFFICIENCY (hc) 0.794 0.797 0.823 0.801 0.790 0.815 0.764 0.654

CORRECTED COMP SPEED (Nc*) (METRIC)rpm 86097 90447 62697 94843 98546 69269 104913 103681

CORRECTED COMP SPEED (Nc*) (IMP.) rpm 86785 91169 63198 95601 99333 69823 105751 104509

TURBINE MASS FLOW (Wt) g/s 300.3 356.0 207.8 414.7 459.3 270.0 541.4 565.8

CORRECTED TURB. FLOW (Wt*) (METRIC)g/s 253.9 270.6 212.0 284.7 289.9 245.0 297.9 305.5
CORRECTED TURB. FLOW (Wt*) (IMP.) lb/min 33.58 35.79 28.04 37.66 38.35 32.40 39.40 40.41

TURBINE PRESS. RATIO (pt)(TOT./STAT.) 1.795 1.924 1.460 2.074 2.193 1.586 2.415 2.434

TURBINE/MECHANICAL EFFCY (htm) 0.99 0.97 0.89 0.94 0.92 0.88 0.85 0.76

TURBO. MECHANICAL EFFICIENCY (hm) 0.833 0.878 0.652 0.842 0.886 0.743 0.873 0.795

TURBOCHARGER OVERALL EFFCY (hoa) 0.785 0.773 0.729 0.751 0.726 0.714 0.651 0.497

CORRECTED TURB. SPEED (Nt*) (MET/IMP.)rpm  53908 40156 56676 58552 44846 60931 59477

BLADE SPEED RATIO(U/C) 0.786 0.789 0.761 0.789 0.789 0.774 0.779 0.757

Charge Cooler Performance

CHARGE COOLER TEMP DROP (DTac) °C 125 135 62 142 152 74 162 152

CHARGE COOLER PRESS DROP (DPcac) kPa 3.4 4.7 2.7 5.8 6.5 3.9 9.0 12.0

CHARGE COOLER EFFECTIVENESS (hcac) 0.959 0.957 0.955 0.953 0.955 0.967 0.948 0.963

X t  0.259 0.260 0.265 0.260 0.260 0.266 0.258 0.257

Gamma t 1.350 1.351 1.361 1.351 1.351 1.362 1.347 1.346

CPt kJ/(kg*K) 1.102 1.100 1.076 1.099 1.101 1.073 1.109 1.114

Yc 0.347 0.374 0.181 0.398 0.416 0.209 0.434 0.343

Yt 0.141 0.156 0.095 0.173 0.184 0.115 0.203 0.204

WT*(1)  g/s 254.1 270.8 212.1 284.9 290.1 245.1 298.1 305.7

P2C dyn. kPa 1.71 2.3 1.1 3.0 3.6 1.8 5.0 0.0

P1C dyn. kPa 0.57 0.8 0.3 1.1 1.4 0.5 1.9 2.1

P1T dyn. kPa 2.10 2.64 1.11 3.23 3.67 1.66 4.55 4.94

rt=cpt*(gammat-1)/gammat kJ/(kg*K) 0.286 0.286 0.285 0.286 0.286 0.285 0.286 0.286

ro1t=P1tabs/T1tabs/rt  kg/m³      0.852 0.952 0.769 1.055 1.139 0.871 1.276 1.283

100*Fuel/Air Ratio 44.33 41.36 34.82 39.25 38.99 31.87 39.57 39.53

Engine Scania CBE1U 560hp CID(mm) 100 C2ID(mm)

Compressor C345(94) COD(mm) 64 C2OD(mm)

Turbine T361(88) TID(mm) 80 T2ID(mm)

FOLLOWING DATA MANDATORY FOR ALL BOOSTING ARCHITECTURES

Engine displacement: 12.740 litre

ENGINE SPEED rpm 900 1000 1001 1100 1200 1201 1400 1800

Torque Nm 2852 2853 1397 2855 2857 1392 2856 2228

A/F - 22.56 24.18 28.72 25.48 25.65 31.38 25.27 25.30

BSFC g/kWh 170.7 170.4 171.9 171.4 172.8 171.5 177.2 184.5

Volumetric eff. (with respect to intake manifold conditions)0 to 1 0.93 0.93 0.93 0.94 0.91 0.94 0.90 0.92

DP air filter (>0) kPa 0.7 0.9 0.4 1.1 1.4 0.6 1.8 2.0

DP CAC (>0) kPa 3.4 4.7 2.7 5.8 6.5 3.9 9.0 12.0

DP exhaust line (P2T) kPa 12.2 15.7 6.3 18.6 22.9 8.9 31.6 34.7

CAC temperature out (T1E) °C 30 31 28 32 32 28 34 31

CAC efficiency (not mandatory) 0 to 1 0.96 0.96 0.96 0.95 0.95 0.97 0.95 0.96

Engine out temperature (T1T) °C 549.93 540.37 429.26 536.70 547.35 415.08 585.29 606.73

DP engine (P1E-P1T) (not mandatory) kPa 82.6 80.4 21.8 75.4 66.6 18.2 29.9 -51.4

P ambiant (P0) kPa 100.6 100.6 99.9 100.6 100.6 99.9 100.0 100.0

T ambiant (T1C) °C 25 26 25 26 26 25 26 26

CAC coolant temperature (T1X) °C 25 25 25 25 25 25 25 25
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Appendix C: Gas Stand Data Excel 

 

NC WC PRC ETAC DTTC PT1C TT1C PS2C WPHYSC REYC NRPM NT WT PRT ETATM

RPM KG/S T-T T-T ---- PaA K PaA KG/S ---- RPM RPM KG/S T-S

40188 0.07602 1.3343 0.6691 0.1282 97859 298.27 130375 0.07436 8.40E+04 40206 22786 0.15813 1.1606 0.7413

40107 0.09186 1.3257 0.6999 0.1197 97834 298.124 129401 0.08985 1.00E+05 40116 22719 0.16256 1.1699 0.7656

40093 0.10753 1.3137 0.7239 0.1119 97823 298.222 128109 0.10515 1.20E+05 40108 22724 0.16672 1.1779 0.7782

40114 0.12319 1.2969 0.7355 0.1047 97804 298.011 126311 0.12048 1.40E+05 40115 22726 0.16994 1.1861 0.7806

40056 0.13786 1.2777 0.7381 0.0981 97791 297.91 124270 0.13484 1.50E+05 40050 22702 0.17323 1.1923 0.7757

40086 0.15181 1.2532 0.7135 0.0933 97775 298.237 121701 0.14837 1.70E+05 40102 22714 0.1758 1.1986 0.7726

40075 0.16719 1.1902 0.5818 0.0876 97746 298.298 115281 0.16334 1.80E+05 40095 22719 0.17768 1.2042 0.768

50966 0.10385 1.5645 0.6872 0.198 97842 298.027 152738 0.1016 1.10E+05 50968 28889 0.19338 1.2687 0.7404

51030 0.12566 1.556 0.7285 0.1844 97816 297.824 151711 0.12295 1.40E+05 51015 28920 0.19817 1.2851 0.7637

50956 0.204 1.4333 0.7491 0.1444 97695 298.152 138652 0.19924 2.30E+05 50969 28916 0.21344 1.3351 0.7561

50982 0.16389 1.5133 0.7783 0.1611 97758 298.013 147088 0.16021 1.80E+05 50983 28931 0.207 1.3113 0.7582

50937 0.18061 1.4839 0.7792 0.1529 97732 298.473 143978 0.17637 2.00E+05 50977 28925 0.2101 1.3217 0.7538

50989 0.14655 1.5366 0.7624 0.1709 97782 298.164 149582 0.14326 1.60E+05 51003 28924 0.204 1.2997 0.7602

50975 0.22441 1.305 0.5812 0.1357 97657 297.905 125615 0.21919 2.50E+05 50966 28900 0.21636 1.3432 0.7507

61876 0.13854 1.8813 0.697 0.2827 97830 298.084 183506 0.13551 1.50E+05 61884 35077 0.22526 1.4196 0.7465

61909 0.16374 1.8697 0.7438 0.2622 97784 297.89 182080 0.16014 1.80E+05 61898 35107 0.23111 1.4425 0.752

72819 0.36523 1.6783 0.5822 0.2727 97370 298.12 159165 0.35555 4.00E+05 72834 41391 0.27142 1.7984 0.7631

61872 0.21077 1.8185 0.7961 0.2333 97695 298.186 176413 0.20585 2.30E+05 61891 35108 0.23793 1.4842 0.7565

61848 0.23763 1.7672 0.7973 0.2209 97647 297.672 170953 0.23217 2.60E+05 61814 35075 0.24124 1.5039 0.7611

61867 0.2636 1.6915 0.7751 0.2085 97595 298.419 163029 0.25709 2.90E+05 61910 35156 0.24671 1.5219 0.75

61863 0.28972 1.4578 0.5785 0.196 97525 298.501 139296 0.28231 3.20E+05 61915 35139 0.24795 1.5361 0.7474

72795 0.17593 2.3052 0.6939 0.3859 97771 297.946 224613 0.17203 1.90E+05 72789 41392 0.25141 1.6226 0.7503

72832 0.2071 2.2963 0.7457 0.3574 97711 298.19 223326 0.20229 2.30E+05 72856 41390 0.25688 1.657 0.7522

72745 0.23888 2.2738 0.7859 0.3348 97657 298.13 220674 0.23323 2.60E+05 72761 41363 0.26 1.688 0.7616

72802 0.26426 2.2485 0.8051 0.3219 97602 298.185 217761 0.25784 2.90E+05 72824 41404 0.26212 1.7167 0.7665

61900 0.19009 1.8489 0.7799 0.2453 97746 298.345 179722 0.1857 2.10E+05 61935 35121 0.23631 1.4657 0.7545

83646 0.45177 1.95 0.5809 0.3598 97103 298.24 183347 0.4385 5.00E+05 83680 47581 0.28702 2.1534 0.768

72909 0.3305 2.0822 0.8059 0.288 97464 298.351 200132 0.32193 3.60E+05 72952 41469 0.26973 1.7771 0.7583

83689 0.23478 2.86 0.7084 0.49 97657 297.878 278121 0.22933 2.60E+05 83672 47561 0.27296 1.9115 0.7582

83714 0.27203 2.8519 0.7556 0.4582 97581 298.144 276729 0.26539 3.00E+05 83735 47611 0.27628 1.9561 0.7675

83648 0.31043 2.8401 0.7956 0.4334 97491 298.15 274880 0.30256 3.40E+05 83669 47583 0.28043 2.0064 0.7678

83675 0.3444 2.7822 0.812 0.4152 97402 298.429 268497 0.33521 3.80E+05 83735 47586 0.28185 2.0526 0.7693

83720 0.37779 2.6924 0.8143 0.3989 97328 298.166 258977 0.36759 4.20E+05 83744 47616 0.28386 2.0898 0.7719

72896 0.30057 2.1754 0.8163 0.3032 97532 297.742 209932 0.29328 3.30E+05 72864 41456 0.26694 1.7531 0.761

94583 0.54445 2.3064 0.582 0.4598 96763 297.909 215257 0.5269 6.00E+05 94568 53793 0.29205 2.6367 0.7653

83682 0.43958 2.3417 0.7465 0.3665 97140 297.993 222770 0.42702 4.80E+05 83681 47585 0.28661 2.1456 0.7685

83778 0.4286 2.4691 0.7852 0.3729 97178 297.942 235699 0.41655 4.70E+05 83770 47651 0.28599 2.1403 0.769

94497 0.30639 3.5699 0.7154 0.6057 97503 298.157 346339 0.29866 3.40E+05 94522 53738 0.2852 2.3078 0.7692

94610 0.34653 3.5907 0.7584 0.575 97401 298.001 347565 0.33752 3.80E+05 94610 53799 0.28735 2.3765 0.7696

94593 0.38733 3.5776 0.7933 0.5481 97296 297.804 345408 0.37698 4.30E+05 94562 53761 0.28876 2.4445 0.7687

94615 0.42655 3.51 0.8123 0.526 97182 298.277 337855 0.41434 4.70E+05 94659 53847 0.28949 2.5077 0.7694

94605 0.4647 3.3767 0.8167 0.5044 97057 298.145 323762 0.45092 5.10E+05 94628 53803 0.29058 2.5577 0.7675

94581 0.50275 3.1938 0.8073 0.4831 96930 298.085 304725 0.48724 5.50E+05 94594 53800 0.29082 2.5984 0.7693

94565 0.51703 3.0915 0.7948 0.4747 96876 298.314 294213 0.50061 5.70E+05 94614 53806 0.29092 2.6136 0.7679

94576 0.53178 2.9399 0.7666 0.4668 96817 298.221 278777 0.51466 5.80E+05 94611 53819 0.29112 2.6259 0.7685

83622 0.41465 2.5395 0.7978 0.38 97220 297.866 243016 0.40321 4.60E+05 83603 47546 0.28606 2.1233 0.7715

105496 0.39152 4.4987 0.7198 0.7345 97288 298.071 435246 0.38086 4.30E+05 105509 59939 0.28481 2.9553 0.7373

105518 0.42851 4.507 0.7504 0.7061 97166 297.675 435079 0.4166 4.70E+05 105461 59906 0.28617 3.0315 0.7352

105442 0.46586 4.4618 0.7758 0.6778 97049 298.168 429661 0.45199 5.10E+05 105471 59891 0.28561 3.0998 0.7372

105464 0.50294 4.387 0.7936 0.6538 96934 298.36 421332 0.48723 5.50E+05 105527 59951 0.28679 3.1714 0.7331

105505 0.5368 4.2642 0.8006 0.6334 96803 297.958 408250 0.51968 5.90E+05 105498 59940 0.28698 3.2386 0.7278

105394 0.57636 4.0051 0.792 0.6073 96642 297.679 381579 0.55731 6.30E+05 105337 59822 0.28696 3.2952 0.7244

105453 0.58928 3.8719 0.7839 0.5956 96592 298.221 368101 0.56899 6.40E+05 105492 59924 0.28639 3.307 0.7236

105481 0.60117 3.676 0.7619 0.5849 96545 298.234 348463 0.58017 6.60E+05 105523 59950 0.28647 3.3093 0.7233

105606 0.6128 2.7441 0.5825 0.5681 96489 297.905 255762 0.59138 6.70E+05 105589 60026 0.28613 3.2833 0.7264

116448 0.61371 5.0703 0.7612 0.7631 96542 298.043 484134 0.59244 6.70E+05 116457 66219 0.27625 4.3542 0.6371

116406 0.62108 4.9395 0.7569 0.7522 96521 298.057 471153 0.59941 6.80E+05 116418 66216 0.27679 4.3401 0.6375

116322 0.62298 4.8483 0.7529 0.7454 96500 298.314 462129 0.60085 6.80E+05 116383 66181 0.27627 4.3192 0.6396

116411 0.62736 4.7262 0.7451 0.7384 96483 297.951 450056 0.60535 6.90E+05 116401 66179 0.27643 4.3037 0.6405

116552 0.63137 4.5662 0.7348 0.7285 96464 298.291 434277 0.60875 6.90E+05 116609 66328 0.27624 4.2792 0.6427

116306 0.63645 4.3184 0.7181 0.7123 96466 298.108 409968 0.61385 6.90E+05 116327 66156 0.27629 4.2072 0.6504

116390 0.63713 4.16 0.7054 0.7027 96450 298.475 394387 0.61402 6.90E+05 116483 66224 0.27509 4.1697 0.6544

116400 0.63831 3.9727 0.6874 0.6932 96452 298.035 376007 0.61562 7.00E+05 116407 66208 0.27684 4.1181 0.6555

116288 0.64087 3.212 0.5824 0.6708 96457 298.339 300901 0.61781 7.00E+05 116354 66105 0.27614 4.0061 0.667
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Appendix D:  Pressure Drop Calculation Excel 
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