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Sammanfattning 
Examensarbetet, vars mål är att sänka avgastemperaturen på Scanias bussar, är genomfört som 

en avslutande del av studierna på maskinkonstruktionsprogrammet, KTH Stockholm.  

EuroVI, en ny emissionskravsstandard för tunga fordon, ställer nya krav på hur mycket partiklar 

och kväveoxider som får släppas ut. Detta har resulterat i att Scania har utvecklat och förbättrat  

sina efterbehandlingssystem. De nya efterbehandlingssystemen ger upphov till höga 

avgastemperaturer, och Scania har uttryckt en önskan att sänka dessa för att skapa en säker miljö 

runt bussen.  

Examensarbetet började med en grundlig förstudie, där de aktuella avgassystemen och dess 

komponenter studerades. Lösningar för att sänka avgastemperaturer studerades, både inom 

fordonsindustrin och inom andra områden. Eftersom koncepten som togs fram skulle analyseras 

med CFD simuleringar, så studerades även grundläggande strömningsmekanik. 

Två olika avgassystem skulle analyseras, ett med en gasmotor och takutsläpp, och ett med en 

dieselmotor och markutsläpp. Totalt togs åtta koncept fram, varav fem ansågs intressanta för 

CFD simulering. Det gjordes även en konkurrentanalys, där tre olika diffusorer från 

konkurrerande buss- och lastbilstillverkare CFD simulerades. 

Resultaten visade att diffusorerna var överlägsna de andra koncepten. Diffusorn som utformats i 

detta projekt stod sig väl mot konkurrenternas diffusorer, men ansågs dock vara dyr och svår att 

tillverka. Nya designer togs fram, som anses ha samma temperatursänkande egenskaper men 

vara enklare att tillverka. 

Författarna till denna rapport rekommenderar Scania att gå vidare med fysiska tester av de 

förslagna diffusorerna, och att även testa konkurrenternas diffusorer. Scania bör även undersöka 

hur en venturilösning kan optimeras. 

 

 

 

 

Nyckelord: Avgastemperaturssänkning, buss, diffusor, EuroVI, CFD 
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Abstract 

The thesis aims to lower the exhaust gas temperature on the coming EU6 Scania buses D7 and 

Otto gas and is carried out as a final part of the studies in the mechanical engineering program, 

KTH Stockholm. 

Euro 6, a new emission standard requirements for heavy duty trucks and buses, puts new 

demands on the amount of particulate matter and nitrogen oxides that can be emitted. This led to 

that Scania has developed and improved their after treatment systems. The new after treatment 

systems generates high exhaust temperatures, and Scania have expressed a desire to reduce these 

to create a safer environment around the bus. 

The thesis started with a thorough feasibility study, where the current exhaust systems and its 

components were studied. Solutions to lower exhaust temperatures were studied, both in the 

automotive industry and in other fields. The concepts that were developed would be analyzed 

through CFD simulations, why basic fluid mechanics were studied. 

Two different exhaust systems were to be analyzed, one with a gas engine and roof outlet and 

one with a diesel engine and ground outlet. A total of eight concepts were presented, in which 

five were determined to undergo CFD simulations. 

A competitor analysis was conducted in which three different diffusers from competing bus and 

truck manufacturers were CFD simulated. 

The results showed that the diffusers were superior to the other concepts. The diffuser designed 

in this project performed well in comparison to the diffusers from competing bus and trucks 

manufacturers, but it was considered to be expensive and difficult to manufacture. New diffuser 

designs were suggested, which are believed to have the same good qualities but cheaper to 

manufacture. 

The authors recommend Scania to perform field tests of the redesigned diffusers, and also try the 

ones designed by their competitors. Also, Scania should investigate how a venturi solution can 

be optimized. 

 

Keywords: Exhaust gas temperature reduction, diffuser, bus, EuroVI, venturi, CFD  
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NOMENCLATURE 

This chapter describe the designations, with symbol and description, that were used in 

explanations and calculations. It will also summarize the abbreviations used.    

Notations 

Symbol Description 

  Pressure [Pa] 

  Density [     ] 

    Universal gas constant             

  Temperature [ ] 

  Molecular mass [     ] 

    Specific heat at constant pressure          

    Specific heat at constant volume          

 ̇  Mass flow rate        

   Cross section area      

   Velocity       

   Gravity        

   Horizontal position     

   Enthalpy        

   Heat per unit mass        

   Work per unit mass         

    Stagnation enthalpy         

   Force     

 ̇  Heat flow     

   Heat transfer coefficient          

    Contact area      

   Time     

    Mach number 

 ̇  Energy transfer     

 ̇  Net rate of work transfer     

   Power, energy conversion per unit time     

   Efficiency 

      Lower heating value        

   Thermal conductivity         
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   Dynamic viscosity        

    Prandtl number 

   Diameter [m] 

   Radius [m] 

   Thickness [m] 

    Reynolds number  

   Overall heat transfer coefficient           

   Initial temperature difference between two medias     

   Temperature difference between the inlet and outlet temperature     

   Scanias internal requirement for the temperature at the ground or at any 

plane that is a boundary of the bus     

  Scanias internal requirement for the velocity of the exhaust gas      
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Abbreviations 

CAD Computer Aided Design 

CFD Computational Fluid Dynamics  

PM Particular Matter 

NOx Nitrogen Oxides 

HC Hydrocarbons  

SCR Selective Catalytic Reduction 

DPF Diesel Particle Filter 

DOC Diesel Oxidation Catalyst 

ASC Ammonia Slip Catalyst 

RPM Revolutions Per Minute 

EGT Exhaust Gas Temperature 

MFEG Mass Flow of Exhaust Gas 

MFAA Mass Flow of Ambient Air 

RTTF Research, Truck, Technical simulation, Fluid mechanics 

RBNG Research, Bus, Power train, Gas exchange 
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1  INTRODUCTION 

As a part of the master program Machine Design, a master thesis is mandatory. This master 

thesis has been performed at Scanias bus-development department where it treated high exhaust 

temperatures on buses. The goal was to lower exhaust temperatures to an acceptable level. 

 

 

1.1 Background & purpose 

New emission requirements (EuroVI) has lead to that new after-treatment systems has been 

installed in Scanias EuroVI diesel buses. To be able to lower the emission of nitrogen oxides 

(   ) and particular matter (  ) a high exhaust temperature is needed before the exhausts 

enters the silencer. This results in a high exhaust temperature at the outlet which might harm 

surrounding people and environment.  

The main purpose of the project is to come up with a solution that lowers the exhaust 

temperature of Scanias EuroVI buses so the temperature at ground level and at the bus body 

doesn’t exceeds Scanias internal requirement of    . Two different buses were investigated, one 

with a seven liter diesel engine (D7) and one with a gas engine (Otto gas). 

1.2. Goals 

The project aimed to explore the possibilities of reducing exhaust temperature in Scanias EuroVI 

D7 and Otto gas buses. Other factors that was considered was back pressure, weight and cost. 

The stated goals are listed below. 

 Develop a concept that ensures that Scanias internal requirements of     at the ground 

or at any plane that is a boundary of the bus is achieved. 

 Develop a concept that ensures that Scanias internal requirements of exhaust gas velocity 

is kept below    . 

 Determine if a solutions needs to be tailor made for all exhaust systems, or if a general 

solution can be designed. 

1.3. Delimitations 

The following delimitations where defined in the beginning of the project to maintain a good 

perspective with strict boundaries. 

 Geometric constraints will only be considered to an extent that the solution is reasonable 

in size and weight. 

 Consider if acceptable exhaust temperatures at ground level and at the bus body is 

achieved when evaluating the concepts.  

 Temperatures at the outlet will be considered secondary. 

 Methods for mass production will not be considered. 

 The initial ideas will be designed as a proof of concept, and may not be able to be 

mounted in a vehicle, or manufactured to a reasonable cost. 

 Strength and frequency calculations will not be performed. 

 The project had no defined budget. Possible cost issues will be handled by Scania. 
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1.4. Methods 

To be well prepared for the upcoming tasks in the project, a well thought-out plan for the 

methods that were going to be used in the project was stated. Methods were stated for the 

feasibility study, the concept generation and for the concept development. 

In the feasibility study different search engines/methods were used and are listed below: 

 Google patents 

 KTH library 

 HR InLine, Scanias library 

 Investigation request performed by Scania 

The main keywords that were used during the feasibility study were: exhaust, temperature, 

decrease, lower, venturi, diffuser, heat exchanger, fluid mechanics. Further research material, 

e.g. literature, was found through Scanias library function. Two books that was studied was 

“Fluid mechanics” by Pijush K. Kundu and Ira M. Cohen [1] and “Fluid mechanics” by John F. 

Douglas, John M. Gasiorek and John A. Swaffield [2].  

When generating concepts, a brainstorming session was conducted. The brainstorming session 

followed the guidelines stated in the book “Arbete och teknik på människans villkor”[3]. To 

evaluate the concepts a five scale Pugh matrix[4] was used together with input from the 

industrial supervisor and the CFD (Computational Fluid Dynamics) calculations group (RTTF). 

The project had a model based product development approach. This involved developing CAD-

models with corresponding CFD simulations to simulate reality.  The reason for this approach is 

that it’s time and cost efficient compared to building a prototype and test each concept.  

To model and develop the chosen concepts, the CAD program Catia V5[5] was used. To ensure 

that the group had sufficient knowledge in Catia V5, time was set aside to learn the program 

through self-study material.  

The CFD simulations were handled by the CFD group RTTF at Scania.  

A reference model, a baseline, that resembled the existing exhaust system was used to compare 

the generated concepts to the existing exhaust system.   

The report was written continuously throughout the project, to ensure that all parts of the project 

was accounted for in the report. A template for the report layout was used. The presentations 

were performed by using Microsoft PowerPoint. 

Figure 1 shows the workflow of the master thesis. 

 

Figure 1. Workflow of the master thesis 
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2  FRAME OF REFERENCE 

This chapter presents the knowledge acquired during the feasibility study. The knowledge and 

information gathered in the feasibility study was later the basis for the concept generation and 

the design of the concepts.     

 

2.1 EuroVI 

The first European emission standards for heavy duty truck- and bus engines was introduced in 

1992 by The European Automobile Manufacturers Association (ACEA) [6] and was called Euro 

I. The Euro standard was initiated to reduce the environmental impact of trucks and buses and it 

regulates the emissions of     and   . In Euro I the release levels allowed was           of 

    and             of   . In 1996 Euro II was implemented, followed by Euro III in 1999. 

Since 1999 two new standards has been implemented and in 2014 EuroVI will be introduced. 

Figure 2 shows the permitted levels of     and    for EuroVI and the last three standards.  

 

Figure 2. The permitted levels of NOx and PM for EuroVI[7] 

As Figure 2 shows, when introducing EuroVI the amount of    has to be reduced by     and 

the levels of     has to be reduced by     compared to Euro V. In addition to this, the number 

of particles will be regulated in EuroVI and not, as previously, the total mass. This has led to 

new after treatment systems, in which the exhaust gas temperatures needs to be high in order to 

lower the emissions. 

ACEA have not stated any requirements of the maximum exhaust gas temperature of a bus or a 

truck. This is instead often regulated at national level where the placement and direction of the 

exhaust outlet is of interest. The most common requirement concerns which direction the exhaust 

gas is directed relative to the traffic. In Sweden, for example, exhaust gases are directed to the 

left since there is right-hand traffic in the country. 
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2.2 Relevant engine types 

This chapter will describe the two types of engines that are prioritized by Scania to be improved 

regarding their high exhaust temperatures. The emission levels in these engine types have been 

approved to EuroVI, but the exhaust temperature is still a problem for Scania due to the risk of 

danger in the high temperature range. 

2.2.1 Diesel and petrol engines  

The first diesel engine was developed by the inventor Rudolf Diesel, 1897. The main difference 

between a petrol and a diesel engine is how the combustion process is performed. In a petrol, a 

mix of air and gasoline are compressed in a cylinder by a piston to a very high pressure. When 

the pressure reaches its maximum an explosion, that is generated by a spark from a plug, will 

occur. This explosion force the piston to move in opposite direction and create a motion that 

makes the crankshaft rotate. This technique is descended from the known Otto engine, after 

Nikolaus Otto who invented the engine in 1876. A diesel engine however, neither uses a spark 

nor the mixture of fuel together with air to make the combustion explosion. The diesel engine 

only compresses air into the engine cylinder through a piston. When the pressure reaches its 

maximum, and thereby also the maximum temperature, an amount of diesel is released into the 

combustion chamber. Because of the high temperature in the cylinder an auto ignition occurs. 

This ignition creates a similar explosion as for the petrol and forces the piston to move in the 

opposite direction and, in the same way, create a motion that makes the crankshaft rotate [8].  

2.2.2 Gas engines 

Already during the first world war Scania modified some of their engines to be able to run on 

producer gas. But it wasn’t until 1940 that Scania developed a thorough gas engine from scratch. 

The technology has been known since and because of today’s expanding customer demands, 

regarding environmentally friendly vehicles, it has growth to compete with the petrol- and diesel 

engines. A gas engine has the basic design and function of a Otto engine and is driven through 

gas. There are several different gaseous fuels to choose between together with which physical 

state they are stored in. Scania run their engines mostly on bio methane and natural gas which 

either can be compressed to about         or cooled to about      . If the gas is compressed 

the physical state (in the gas tank) is remained to be in gaseous but if the gas is cooled the media 

undergoes a phase transition to become a liquid. The physical state is related to the size of how 

much space the gas fuel requires. A compressed gas requires about 5 times the space of ordinary 

diesel and cooled gas about 2 times [9]. 

2.3 Silencer and the exhaust system 

At the beginning of the project the first idea was to test the different concepts with an arbitrary 

flow of exhaust gas, and analyze what the pros and cons of each concept were. After having a 

meeting with Magnus Berglund, CFD simulator and fluid mechanic expert at Scania, it was 

decided that the CFD simulations would simulate a flow of exhaust gas all the way from the 

silencers Ammonia Slip Catalyst (ASC) to the outlet. The ASC is the last purifying component 

of the silencer and is mounted just before the exhaust pipe begins. The reason for this approach 

was that the different silencers and exhaust systems affects the flow heavily, and to just analyze a 

arbitrary flow would be a poor representation of reality. 
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2.3.1 The cylindrical silencer and the diesel silencer from Cummins 

The exhaust systems that were chosen for simulation were Scanias cylindrical silencer and a 

diesel silencer from Cummins[10]. The reason for investigating these two systems were that they 

suffered from high exhaust gas temperatures. 

The cylindrical silencer is installed with an Otto gas engine, while the Cummins silencer is 

installed with the diesel engine D7. The Otto gas engine generally has a higher exhaust gas 

temperature than the D7 diesel engine. However, since the silencer used in combination with the 

D7 engine needs to be purified through regeneration, this engine type also has problems 

regarding high exhaust temperatures. More about the purification systems and the regeneration in 

chapter 2.3.2. 

Together with the industrial supervisor Martin Björkman it was decided that two different 

exhaust systems would be investigated and simulated: a roof outlet for the cylindrical silencer 

and a ground outlet for the Cummins silencer. 

The reason for investigating two different exhaust systems was that with this approach it can be 

determined if one solution has some advantages or disadvantages in a particular exhaust system. 

The two different silencers and their corresponding exhaust systems can be seen in Figure 3 and 

Figure 4.  

 

Figure 3. Cylindrical silencer with roof outlet 
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Figure 4. Cummins silencer with ground outlet 

2.3.2 Components and purification systems in silencers 

The two silencers have three common purification systems; a oxidation catalyst or as it is 

referred to in a diesel engine, a diesel oxidation catalyst (DOC), a selective catalytic reduction 

system (SCR) and an ammonia slip catalyst (ASC). The diesel silencer also has a diesel particle 

filter (DPF). The cylindrical silencer is, as mentioned, mounted on a gas engine which doesn’t 

have particle matter emission in the same extent as the diesel engine, why the particle filter is 

unnecessary.  

Figure 5 shows an illustration of a general Scania silencer mounted in a diesel engine.    

 

Figure 5. Purifying components in a Scania silencer mounted on a diesel engine [11] 

The DOC is used as a preparatory procedure to oxidize    to    ,    to     and 

hydrocarbons      to     and water. The catalyst is also used to intentionally increase the 

exhaust temperature by oxidizing fuel. This can occur both out of and in operation, and it is 

carried out to oxidize soot more effectively in the DPF, while regenerating. Its primary function 

however, is to balance the     levels for the forthcoming reactions in SCR-system. This is a 

sensitive balance, too much     and the SCR becomes difficult [11].  
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The DPF is mandatory to cope with the particle number requirements in EuroVI. The filter 

consist of a ceramic filter substrate that is coated with a catalytic wash coat. Particles (soot, ash, 

metals, etc.) travel through the filter and are forced to pass through filter walls, allowing them to 

stick to the filter. After a certain runtime, the filter needs to be purified through a process called 

regeneration. Regeneration is based on increasing the exhaust temperature to such an extent that 

it burns off the soot that has been accumulated in filter. Note that the ash caught in the DPF is 

not burned off. The ashes consists of inorganic materials, which can’t be burned away. To get rid 

of the ashes the filter needs to be replaced. 

By measuring the pressure over the DPF it is possible to estimate the quantity of soot 

accumulated in the filter. The system uses a differential pressure transducers that measures the 

pressure difference,   , in the DPF. When a certain soot limit is reached, for Scanias system 

    of the acceptable limit, the first regeneration mode is activated. This process leads to the 

temperature is raised and kept constant. Which temperature the exhaust gas is raised to is 

dependent of which regeneration mode that is activated. The regeneration mode itself is 

dependent of how much particles that has clogged in the DPF, and also, of course, which systems 

the bus is equipped with. There are four different types of regeneration modes. The different 

regeneration modes are presented below with a brief explanation of how they operate [12].  

Vehicle perspective – 4 possible modes of regeneration 

 

1 Passive     - based (in operation) 

 
Regeneration occurs spontaneously through the exhaust gases.  

                             

2 Forced     – based (in operation) 

 

Exhaust temperature is raised using engine actions (e.g. Exhaust braking, and injection 

timing) 

              

3 Forced     – based using DOC-exotherm (parked) 

 

The vehicle is taken out of operation and the regeneration program takes full control of 

the vehicle. In addition to what is done in (2) fuel is oxidized by the DOC to create 

heat.  

              

4 Forced     – based using DOC-exotherm (in operation) 

 
Same as (3) with the different that the vehicle is in operation 

              

The regeneration modes 1-3 is included in all EuroVI buses. The fourth mode is optional for 

those who have the need.  

It is very important to control the amount of soot that has accumulated in the DPF. If the amount 

exceeds a certain level it risks to ignite the filter and damage surrounding components. Figure 6 

illustrate, using a percentage scale, which regeneration mode that is activated at which soot 

levels.  
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Figure 6. Regeneration mode at different soot levels [12] 

As the figure shows, after exceeding a soot level of 90% the regeneration modes 3 and, if 

available, 4 can be activated. These two modes are much more effective than the other two, and 

regenerates approximately 5 times faster. This is mainly because of the higher exhaust 

temperature achieved through mode 3 and 4. Since regeneration mode 4 can be activated while 

the bus is running it poses a greater risk of harming people and environment. This is an 

additional argument to find a way to lower the exhaust gas temperature.  

The SCR-system injects urea to lower the     levels of approximately    . To make this 

reduction as effective as possible it is, as already mentioned, important that the balance of     

levels, regulated in the DOC, is accurate.  

The ASC is a component that removes the remaining ammonia, which is a by-product from the 

leftover urea. 

The total emission reduction for the whole system is claimed to be around 99%, which is 

superior in comparison with competitors' solutions.   

This project treated, as mentioned, a 7-liter diesel engine with a diesel silencer. The diesel 

silencer differs from a ordinary Scania silencer since the regeneration, in the diesel silencer, is 

oxygen-based instead of    -based. The use of an oxygen-based regeneration results in high 

temperatures, about 200 degrees higher than an ordinary Scania silencer, see Figure 7. Apart 

from that the components in the two silencers are similar [12].  

 

Figure 7. Temperature difference for soot oxidation based on     and    [11] 
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2.4 Basics of fluid mechanics 

To be able to develop concepts that would give desirables results some basic knowledge in fluid 

mechanics was necessary. This chapter will treat the basics of fluid mechanic needed to 

understand how flows behave in pipes.  

2.4.1 Classical thermodynamics  

In the book “Fluid Mechanics”  by Ira M. Cohen and Pijush K. Kundu [1] it is stated that 

“Classic thermodynamics is the study of equilibrium states of matter and that a thermodynamic 

system is a quantity of matter separated from the surroundings by a flexible boundary through 

which the system exchanges heat and work, but no mass.” The relations derived in classical 

thermodynamics are applicable in fluid flows as long as the changes along the motion is slow 

compared to the relaxation time, which will be the case in the systems studied in this project. 

Since this project treated gases, the definition of a perfect gas were of use and is defined 

according to Equation 1: 

   
    

 
 Equation 1 

  is the pressure,   is the density,   is the absolute temperature,    is the universal gas constant 

and   is the molecular mass. The value of the universal gas constant is: 

            
 

      
   

The gas constant is related to the specific heats of the gas through Equation 2: 

   
   

 
       Equation 2 

   is the specific heat at constant pressure and    is the specific heat at constant volume.  

2.4.2 Compressible flow 

A compressible flow is recognized by its ability to adapt its density after a certain pressure. By 

changing the pressure, which in a continuous flow is related to the cross section area that the 

flow is traveling in, the density of the substance as well as the velocity changes. The change in 

density has to be taken to account since it is related to the temperature and the pressure.  

This project treated exhaust gases which are compressible flows, and thereby the ”equation of 

continuity for a steady flow” were used and is formulated as: 

  ̇                 Equation 3 

 ̇ is the mass flow rate,   is the cross section area and   is the velocity of the flow. This 

function explains how the different states are related to each other in a compressible flow.  

As the gas flows it will be exposed to different kinds of energy- losses or supplies, for example 

be cooled. To be able to calculate the energy in a compressible flow the “steady flow energy 

equation” is used, and is formulated as: 

     
 

 
  

             
 

 
  

     Equation 4 

where   is the gravitation,   the horizontal position,   the enthalpy,   the heat added per unit 

mass and   the work done per unit mass. 

Since exhaust systems often are constructed in one single horizontal plane the equation can be 

reformulated as: 
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     Equation 5 

If the heat and the work is zero a stagnation state occur and can be described by: 

 
 

 
  

                        Equation 6 

   is the total enthalpy, or the stagnation enthalpy, and    the stagnation temperature.   

Further on, compressible flow in a pipeline can be approximated to behave like a frictionless 

flow, if the pipeline has a smooth inner surface. With this approximation “Euler’s equation” can 

be formulated as: 

 
  

  
           Equation 7 

which can be integrated as soon as the relationship between pressure and density is found. If the 

flow isn’t considered to be a frictionless flow the “momentum equation” can be used, and is 

formulated as: 

             ̇           Equation 8 

where   is a force that has three exerted forces that act in the given direction,      is the 

outgoing velocity of the flow and     is the ingoing velocity. 

2.4.3. Solids and fluids  

There is a lot of differences with solids and fluids but one main difference is that a fluid can't 

absorb an acting force like a solid. When forces acts on a fluid it will move/flow compared to a 

solid who could resist the forces with or without deformations as a result. Thus, fluids lack the 

ability to resist deformations and instead changes its shape/flow when a force acts on it. 

When talking about fluid flows it includes both liquids and gases. There is a lot that is similar 

with the two state phases which don't require individual mindsets. However, some differences 

exist and has to be considered.  

A liquid is often seen as incompressible, meaning that it is impossible to compress its volume 

through a pressure change. This is not entirely true, because liquids do change in volume through 

high pressure changes, but because the pressure change that exists under normal conditions 

results in very small volume changes it is often neglected. Gases on the other hand, changes its 

volume rater easily when the pressure change. This results in a density change of the gas, due to 

the fact that density is a unit depending on volume and mass.  

Another difference with liquids and gases is that a liquid has a fixed volume for a defined mass, 

if not, as mentioned above, it is exposed for a very high pressure. In contrast gases have no fixed 

volume, it fills the volume assigned to it, leaving no gaps. Without gaps it doesn't exist any free 

surfaces which makes the conteracting forces from every side of the cavity equal. This means, 

changing the volume, will change the pressure which in turn will change the density of the gas.  

2.4.4. Velocity profile 

When speaking of fluid flows it is necessary to analyze the velocity profile of the flow. When a 

flow travels along a cavity, such as a pipe, the velocity of the fluid particle next to the wall is 

zero, due to friction. Moving closer to the cavity center the velocity increases until it reaches its 

maximum in the middle of the cavity. This change in velocity of a fluid is explain by a velocity 

profile and can differ depending on fluid and the roughness in the cavity. Figure 8 shows an 

example of a general and a ideal velocity profile.  
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Figure 8. Illustration of a general (to the left) and a ideal (to the right) velocity profile in a cavity[13] 

When studying a gas flow that travels in a pipe with a rather low roughness, which is the 

condition treated in this project, the velocity profile is more similar to the ideal, see Figure 9.  

 

Figure 9. Possible velocity profile in an exhaust pipe[13] 

From this explanation it is understandable that none of the fluid particles, that are located 

alongside various, has the same velocity. Therefore fluid particles next to each other will exert 

forces with its neighbor causing the particle below itself, and closer to the wall, to increase its 

velocity and the particle above itself to slow down.  

When analyzing the flow in a exhaust pipe it is wise to assume that the velocity profile will 

change drastically with respect to where in the pipe the flow is analyzed and also with which 

motor speed the engine is running on. The flow is dependent of how the piping of the exhaust 

system is designed and will change its appearance as soon it passes the first curvature of the 

pipe. Figure 10 shows an illustration of how the pressure, which is corresponding to the mass 

flow velocity (low pressure   high speed and vice versa), varies in two different silencer where 

the underlying tubing differ.    

 

Figure 10. Pressure variances in exhaust systems 

The figure shows that it is obvious that the real velocity profile is much more complex to be 

assumed to follow some specific movements. As mentioned the flow appearance in a pipe will 
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vary depending on where it is analyzed, since it is dependent on how it has traveled before it 

reaches the analyze spot, and also how the piping is designed after the analyze spot. 

2.4.5. Flow classification 

Flows can differ a lot when it comes to how the motion pattern of the flow behaves. To better 

understand the flow and make it more comparable with other flows they are often classified by 

their flow condition. There are four different flow condition classifications, uniform, non 

uniform, steady and unsteady, which are explained below[14]. 

 Uniform: Flow conditions (velocity, pressure, cross section or depth) are the same at 

every point in the fluid. 

 Non-uniform: Flow conditions are not the same at every point. 

 Steady: Flow conditions may differ from point to point but DO NOT change with time. 

 Unsteady: Flow conditions change with time at any point.   

By combining these classifications the characteristics of the flow condition can be explained 

fairly good. This project is treating a flow condition of a classification that is of a steady non-

uniform flow. This means that the flow conditions are not the same at every point, but will not 

change with time, assuming a constant motor speed.  

The flow motion itself also has the ability t[13]o differ. When speaking of flow motions there are 

three different kind of motions, laminar, transitional flow or turbulent. The motion of the flow 

often depends on the flow conditions for the specific flow, but it can also depend on how the 

initial motion of the inlet flow appears. Figure 11 show an illustration on a laminar, transitional 

flow and a turbulent.  

 

Figure 11. Different flow motions; from the left, laminar, transitional and turbulent flow [13]. 

In an exhaust system it is most likely to assume that the flow motion of the flow will vary from 

different motions depending on where it is located in the exhaust system, due to that the flow 

condition are not the same at every point. 

2.4.6. Streamlines  

When the interest is to study how a flow behaves, this is often done by analyzing the streamlines 

of the flow. Streamlines are plotted lines that illustrate an imitation of the flow motion, see 

Figure 12. 
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Figure 12. Streamlines for a flow that passes a wing 

Some features that are good to have in mind when analyzing streamlines of a flow is that [14]: 

 Close to a solid boundary, streamlines are parallel to that boundary 

 The direction of the streamline is the direction of the fluid velocity 

 Fluid cannot cross a streamline 

 Streamlines cannot cross each other 

 Any particles starting on one streamline will stay on that same streamline 

 In unsteady flow streamlines can change position with time 

 In steady flow, the position of streamlines does not change  

2.4.7. Venturi and diffuser  

A venturi is a design that is used to change the characteristic of a flow. The venturi is designed in 

such a way that is forces a fluid, that is traveling in a pipe, to pass through a concavity, that, after 

a while, is enlarged to its original size again. The change in the pipe’s cross section area will 

increase the velocity of the flow, while the pressure drops. This effect is often called the “venturi 

effect”. If the concavity is small enough the pressure in between the concavity and the 

magnification can reach below atmospheric pressure. Figure 13 is an illustration of the 

phenomenon, where   is the height difference caused by the pressure difference. 

 

Figure 13. Illustration of the venturi effect[15] 

As it is desired to lower the exhaust gas temperature, this under pressure can be exploited. If the 

tapered pipe is opened it will create a suction into the exhaust pipe, causing surrounding air to 

mix with the exhaust gases. This opening can be connected to a pipe that is directed outside the 

engine compartment so that ambient air can be sucked into the pipe, with significantly lower 

temperature.    

A diffuser is a design to diffuse flows to a greater volume. This can be computed in a variety of 

ways. A diffuser can also be an enlargement of a pipe. For example the enlarged pipe in a venturi 

can often be called a diffuser. The diffuser that is mounted in a venturi has some guidelines of its 

design to perform at its best. These guidelines is listed below [14]: 
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 The diffuser assures a gradual and steady deceleration after the throat. So that pressure 

rises to something near that before the throat 

 The angle of the diffuser is usually between 6 and 8 degrees. Wider and the flow might 

separate from the walls increasing energy loss. If the angle is less the meter becomes very 

long and pressure losses again become significant. 

 The efficiency of the diffuser of increasing pressure back to the original is rarely greater 

than 80%. 

 Care must be taken when connecting the manometer so that no burrs are present. 

However, a diffuser can, as mentioned, diffuse air in other ways than only by enlarging a pipe 

diameter. Examples on diffusers can also be the division of flows into multi, separate pipes or a 

solution that distributes flows to a greater volume, etc.  

2.4.8. Convection 

Convection can be described as when a flowing liquid or a gas is passing by a surface so that a 

heat exchange occurs. The heat transfer can either cool the flowing fluid or heat it up. The heat 

transfer can be significantly improved by increasing the flow rate of the fluid. Convection 

calculation could be useful if some of the generated concepts would involve heat sinks or some 

other kind of cooling surface. 

When convection occurs between a fluid and a solid material the largest temperature change 

exist in a thin layer that follow the solids surface.  How thick or thin this layer is depends on the 

fluids properties, the shape of the solid, surface properties and material etc. The amount of heat 

that is transferred between the fluid and the solid or vice verse is proportional to the surface size, 

the temperature difference and the heat transfer coefficient. Equation 9 merge these properties 

together to a useful tool.  

  ̇              Equation 9 

where  ̇ is the heat flow,   the heat transfer coefficient,    the totalt contact area between the 

two sources,    the temperature after   sec and    the initial temperature [1].  

2.5. Existing solutions and patents  

To further extend the knowledge about exhaust systems and the current solutions which reduce 

temperature of exhaust gas, a feasibility study on existing solutions and patents was carried out. 

Information was found by searching the internet, talking to people at Scania and studying 

existing solutions. A few solutions for lowering the temperature of a gas are presented below.  

2.5.1. Venturi solutions 

Some of the inventions that were found during the feasibility study made use of the venturi 

effect. The venturi effect uses, as mentioned, the fact that when the cross section of a pipe 

decreases, the pressure in the more narrow pipe will decrease, while the fluids velocity increases. 

This is due to the “principle of continuity” and the “principle of conservation of mechanical 

energy”. This is most commonly used in nozzles where an increased flow velocity is desired, the 

most famous one being the de Laval nozzle [16].  

Venturi patent, dilution of the exhaust gas 

This patents was applied for by Motortestcenter MTC AB [17]. Figure 14 shows the invention.  
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Figure 14. Patent US 6,502,397 B1 

The idea of the solution is to make use of the venturi effect. The exhaust pipe has a narrowing 

   that lowers the pressure, and therefore creates a suction. The ambient air will flow into the 

injector pipe    and mix with the exhaust gas. Since the ambient air is of a much lower 

temperature, the mix of exhaust gas and the ambient air will be cooler than the exhaust gas 

original temperature.    

2.5.2. Diffuser solutions  

The general idea behind a diffuser solution is to evenly distribute the exhaust gas to a greater 

volume than if the exhaust gas would exit the outlet as a concentrated jet. This jet would have its 

peak temperature in the middle, and decreasing temperature radially. By breaking this jet and 

distributing the exhaust gas over a greater volume, the temperature would decrease more rapidly, 

due to the mixing with the ambient air, and create a safer environment around the outlet.  

There are two main solutions used to distribute the exhaust gas to a greater volume. The first 

solution is to distribute the exhaust gas radially. The other way is to allow the exhaust gas to 

leave the outlet axially, but to break the jet. Examples of these two solutions are presented 

below. 

Diffuser patent 1, radial distribution of exhaust gas 

This patent was applied for by Mack Trucks, INC[18]. As explained above, the general idea 

behind this invention is to distribute the exhaust gas to a greater volume, and therefore achieve a 

more rapid cooling. This invention is designed to be mounted on to a standard      exhaust 

system and can be seen in Figure 15. 
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Figure 15. Patent US 2010/0242460 A1 

The exhaust gas enters through the pipe   , which is the standard      pipe most commonly 

used in trucks and busses. Onto the pipe   , four evenly distributed fins    are mounted. The 

fins support the two diverting plates    &   , which by their concave shape forces the exhaust 

gas to move outwards. The first diverting plate    have a hole in the middle    which allows the 

core of the jet to pass it to the second plate   . The reason for having two diverting plates is to 

increase the distribution area and also to reduce the back pressure that would be generated by 

breaking the jet.  

Diffuser patent 2, axial distribution of the exhaust gas 

This patent was applied for by Volvo Group North America, LLC[19]. Just like the previous 

patent, this solutions is designed to be mounted onto a standard      exhaust pipe. Figure 16 is a 

perspective view of the invention. 

 

Figure 16. Patent US 8,042,329 B2 
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In order to break the jet of exhaust gas that flows in the pipe, this invention has a wedge element 

   illustrated as a triangle with base that follows the pipe. This wedge element will break the jet 

and force the exhaust gas to spread downwards to the left and to the right. The inventors also 

suggest that three vents    are added to induce a flow of ambient air. This ambient air will, 

according to the inventors, mix with the exhaust gas and reduce the temperature before the 

exhaust gas leaves the exhaust system.  

2.5.3. Heat exchanger  

During the feasibility study, it was revealed that the exhaust system had other problems related 

to the temperature of the exhaust gas. In the silencer it is beneficial to have high temperature of 

the exhaust gas (see section 2.3.2), to ensure that the after treatment systems can operate with 

high efficiency, while the exhaust gas after the silencer should be kept at a level that doesn’t 

harm the surrounding environment. Therefore, a device that cools the exhaust gas after the 

silencer and transfers the recovered heat to warm up the exhaust gas before the silencer would 

perhaps solve both these problems. 

A heat exchanger is a device that cools one medium and transfers the heat to another. Heat 

exchangers exists in several variations and are widely used in space heating, refrigeration, air 

cooling etc. The heat exchanger in a refrigerator works according to Figure 17.  

 

Figure 17. Illustration of how a heat exchanger operates[20] 

The refrigerant is compressed and circulated around in a sealed system. When it passes through 

the expansion gate, the pressure drops and according to the laws of thermodynamics so does the 

temperature. The refrigerant absorbs heat from the surroundings, and when it reaches the 

compressor the pressure, and thereby the temperature, rises. The higher pressure causes a high 

temperature, above the ambient temperature, and the refrigerant will be cooled by the ambient air 

on its way to the expansion gate. 
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2.5.4. Flue gas cooler 

A flue gas cooler is often used to make a process that involves thermal losses more energy 

efficient. There is a lot of different types of flue gas coolers but the general function is to reuse 

the energy in a flue gas, in form of heat, to other needs, e.g. heating locations. Figure 18 shows a 

type of flue gas cooler where the thermal losses heats air in a separate system.  

 

Figure 18. Example of how a typical flue gas cooler operates 

The reason why flue gas coolers were investigated in this project is because the device has the 

property to lower the temperature of a gas, which is strongly connected with the main goal of the 

project. One idea is to investigate if the basic function of a flue gas cooler can lower the exhaust 

gas temperature, but maybe not implement the thermal energy reuse feature that comes with it.    
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3  CONCEPT DEVELOPMENT & VERIFICATION 

This chapter will describe the working process, the methods that were used, the concept 

generation and the evaluation.  

 

 

3.1. Requirements of specifications  

Scania wants to lower the exhaust gas temperature in their EuroVI buses in order to eliminate the 

risk of harming surrounding people and environment. The upcoming solution should maintain a 

low back pressure, keep the velocity of the mass flow low, be light weight and should also be 

able to be manufactured to a low cost. To reach these demands, some requirements regarding the 

solutions design and functionality were stated:  

The solution shall: 

 Decrease the exhaust temperature to     at ground and at any plane that is a boundary of 

the bus. 

 Keep the mass flow velocities below       
 Generate a lower, or equal, back pressure than the original design  

Also, the solution should: 

 Be able to be directed straight backwards from the bus body without risking harming 

people and environment. 

 Decrease the exhaust temperature to        at the outlet 

 Be able to be implemented in a variety of installations 

 Be an autonomous system  

 Be able to manufacture to a reasonable prize 

Important to mention is that Scania has more requirements regarding allowed temperatures on 

surrounding components in the engine compartment. This can for example be tires, fuel tank, 

different types of protective covers, etc. Since the project aimed to find a solution that provided 

the most cooling effect it was limited to not take these requirements into account.  

3.2. Concept generation 

To come up with good solutions to the problem a brainstorming session was conducted. The 

session followed the guidelines stated in the book “Arbete och teknik på människans villkor” [3]. 

This chapter presents and describes the proposed concepts.  

3.2.1. Concept 1 & 2 – Forced inflow of ambient air 

The concept is based on forcing ambient air, having a low temperature compared to the exhaust 

gas, into the exhaust pipe to lower the temperature of the exhaust gas by mixing the gases. The 

enforced flow is generated by a fan, that may be powered by a generator mounted in the exhaust 

pipe, similar to a turbine. Figure 19 shows two illustrations of how the concept could look like.  
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Figure 19. Concept 1, forced inflow of ambient air 

An advantage with the concept is that it is powered by the flow of the exhaust gas. Since the 

energy generated is related to the flow of the exhaust gas the fan can create a larger inflow of 

ambient air into the exhaust pipe as the mass flow of exhaust gas is increased. Meaning that the 

concept will perform at its best when it is mostly needed.   

Another way to design the concept would be to generate the mass flow of ambient air with a fan 

powered by a separate energy source, e.g. the engine. This concept wouldn’t generate as much 

back pressure, but on the other hand it wouldn’t be an autonomous system. This would require 

powering from an external energy source, causing the overall fuel consumption to increase. 

Concept 2 can be seen in Figure 20. 

 

Figure 20. Concept 2, forced inflow of ambient air supplied by an external source 

3.2.2. Concept 3 – Inflow of ambient air through a de Laval venturi 

The concept is, as previous concept, also based on letting ambient air into the exhaust pipe. As 

the gases mix the temperature in the exhaust gas will decrease due to the temperature difference. 

Unlike concept 1 the flow of ambient air is not enforced by a fan or any other mechanical device 

but instead generated by the pressure difference created in a venturi. The static pressure in the 

pipe is lowered to below atmospheric pressure by a smaller cross section. Due to this pressure 

difference between the static pressure in the pipe and the atmospheric pressure of the 

surrounding air, a flow of ambient air can be sucked into the pipe. The design of the concept was 
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inspired by the de Laval nozzle, which explains the naming. A de Laval nozzle is designed in 

such a way that the flow never releases from the inner surface of the pipe and preventing shock 

losses to occur, which requires a long nozzle length. Without shock losses the generated back 

pressure wouldn’t be as great as it would with shock losses. Figure 21 shows the concept 

mounted in a straight pipe.  

 

Figure 21. Example of a de Laval venturi concept mounted in a straight pipe 

The exhaust system treated in this project however, doesn’t have a lot of long straight pipings. 

Because of this an alternative solution would be to mount the concept in a bend. Figure 22 shows 

the concept with two different ways of letting ambient air into the exhaust pipe in a     angle.  

 

Figure 22. Venturi concept mounted in an angle with two different ways of letting in ambient air 

Due to the fact that the bend of the pipe creates backpressure itself, the total back pressure could 

be reduced by mounting the solution to a bend. This solution require, of course, that the exhaust 

system includes a bend of    .  
One problem with this solution is that the it may generate a high velocity of the flow that could 

exceed the acceptable limit of     .  

3.2.3. Concept 4 – Venturi 

This concept is similar to the previous concept, concept 3, with the difference that it doesn’t 

follow the de Laval guidelines for how the venturi should be designed. The concept consists of a 

converting duct that ends abruptly, and takes no consideration of the flow behavior after the 

ending. This abrupt ending will create shock losses which will generate a higher back pressure 

compared to concept 3. These types of venturi is often called “simple nozzles” and has a speed 

limitation to the speed of sound of how fast the gas can travel. Figure 23 shows a sketch of a 

simple nozzle concept where the pressure difference is utilized to create a suction of ambient air 

into the exhaust pipe.  
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Figure 23. Two different designs of concept 4 

The advantage with this concept compared to the de Laval nozzle is that it is significantly shorter 

and the velocity of the mass flow will not increase to the same extent. 

3.2.4. Concept 5 – Flue gas cooler   

Inspired by the flue gas coolers often installed in industries, that reuses the thermal energy stored 

in the hot waste gases, this concept was designed. A typical flue gas cooler cools the hot waste 

gas and reuses the energy, in form of heat, recovered from the cooling to other energy 

consuming processes. However, the concept meant to be installed in the exhaust pipe are not 

designed to reuse any of the heat in the exhausts, at least not initially. The idea was to cool the 

exhausts in a similar way as for a traditional flue gas cooler but that the recovered heat would be 

chilled through a radiator instead of reused. The cooler would be based on the same principle as 

for a car radiator, using ambient air to cool the coolant, but smaller in size. Figure 24 shows an 

illustration of the concept.  

 

Figure 24. Design of the flue gas cooler concept 

The concept could include fins that would be mounted in the cooling device to have contact with 

the exhaust gas, allowing the heat transfer to occur.  

3.2.5. Concept 6 – Heat exchanger 

During the feasibility study it was found that the exhaust system had some problems with the 

exhaust gas being to cool before the silencer. By implementing a heat exchanger, this problem 

could be eliminated at the same time as the temperature is lowered after the silencer. Figure 25 

shows a sketch of the concept. 
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Figure 25. Illustration of the heat exchanger concept 

The heat exchanger contains a closed loop for the refrigerant. As the refrigerant reaches the 

expansion gate   the pressure drops and the refrigerant drops in temperature. It then passes the 

exhaust pipe   and cools the exhaust gas through a device that utilizes convection. After that, the 

refrigerant passes through a compressor   which raises the pressure and thereby the temperature. 

The refrigerant then passes through the exhaust pipe   and raises the temperature of the exhaust 

gas. After this, the refrigerant goes back to the expansion gate . This concept would not be a 

autonomous system, since the compressor needs electricity to operate. The electricity would be 

generated from an external energy source.  

3.2.6. Concept 7 – Diffuser  

A more commonly used solution to lower exhaust temperatures is to distribute the exhaust gas to 

a greater volume. These devices are more commonly known as diffusers. This concept uses this 

idea, see Figure 26.   

 

Figure 26. The basic design of the diffuser concept 

The basic idea of the design of the concept was that it would dissipate the exhaust gas in batches. 

The mixing of exhaust gas and ambient air will decrease the exhaust gas temperature. The 

opening is on one side to enable the flow to be directed to a desired direction, in this case 

towards the ground. Since the cross section area of the outlet is bigger than for the original 

design, the back pressure should be lower. 
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3.2.7. Concept 8 – Double exhaust outlets 

By dividing the exhaust pipe into multiple separate pipes the mass flow of the exhaust will 

distribute between the pipes. Once the mass flows exits the outlets the relationship between the 

amount of ambient air and exhaust gas will be greater than for the original design, and therefore 

the exhaust gas will be cooled more rapidly. The exhaust gas in each pipe could probably be 

cooled more rapidly compared to only having one outlet. This is the basic idea of the concept 

and a sketched illustration of the concept, with two pipes, can be seen in Figure 27.  

 

Figure 27. Illustration of an exhaust system with two outlets 

The principle is simple and may not be efficient enough to lower the exhaust temperature to the 

specified requirement of the outlet temperature. However, due to the concepts simplicity, it is 

possible to combine it with other concepts, making the total efficiency for the combination high 

enough to reach the required temperature.  

The design of the concept, more specifically the pipe division, will mostly depend on how much 

back pressure it generates and how different designs can decrease this back pressure. It’s also 

important that the design divides the mass flow as evenly as possible between the pipes.   
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3.3. Evaluation of the concepts  

To evaluate the concepts some calculations regarding their cooling ability and their sizes had to 

be made. Calculations were not made for all concepts, only for those where it was considered to 

be necessary before proceeding further. This chapter present these calculations and also a Pugh 

matrix, where some of the values were supported by the calculations, and others estimated.  

3.3.1. Calculations for concept 2, forced inflow of ambient air 

In order to determine if concept 2 could be realizable, some calculations were made regarding 

the concept size, and what mass flow that would be necessary to reach an exhaust temperature of 

       at the outlet. A simplified view of how concept 2 was considered in order to perform the 

calculations can be seen in Figure 28.  

 

Figure 28. Schematic view of two mass flows merged into one 

 ̇  represents the mass flow of ambient air, forced into the exhaust pipe, and  ̇  is the mass 

flow of the exhaust gas. The relationship between the mass flows is stated by the “conservation 

of mass” according to Equation 10. The system is assumed to have a steady flow and that the 

mixing of the two gases is adiabatic. No energy is assumed to leave the system, so the 

“conservation of energy” can be stated according to Equation 11 [1].  

  ̇   ̇   ̇  Equation 10 

  ̇    ̇    Equation 11 

The energy for each mass flow can be expressed with Equation 12. 

 

 ̇     ̇    ∑  [   
  

 

 
     ]

 ∑   [   
  

 

 
     ] 

Equation 12 

  indicates the inlet of the pipe and   indicates the exit. Since no heat or work is supplied or 

rejected to the system,  ̇    and the  ̇    can be set to zero. Also, no changes are assumed in the 

kinetic energy or the potential energy. Equation 10 combined with Equation 12 gives: 

 

 ̇      ̇       ̇   ̇       ̇ 

 
 ̇        

     
 Equation 13 

The enthalpy    is a function of pressure and temperature. Here, a pressure of       is assumed 

and the temperatures as well as the values of the enthalpies can be seen in Table 1. 

Table 1. Temperatures and corresponding enthalpies for pipe 2 and 3 

Pipe Temperature Enthalpy 
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The amount of ambient air that has to be forced into the exhaust pipe is now, with the stated 

assumptions and simplifications, a function of the exhaust gas temperature    and the mass flow 

 ̇ . These two variables are functions of the rpm and the engine load, and also what engine that 

is used (D7 or Otto gas). To determine  ̇  for the different situations, the two parameters    and 

 ̇  was varied according to test data supplied by Scania. The data used can be found in chapter 

3.5. 

In order to determine the expanded cross section area    of the pipe, Equation 14 - Equation 15 

was used. The ambient air is assumed to have the same velocity into the exhaust pipe and static 

pressure as the exhaust gas. The size of the expanded exhaust pipe is designed for worst case for 

each engine type, which would be when the mass flow  ̇  has its highest value. 

  ̇        
 

    
    

 ̇      

    
 Equation 14 

          Equation 15 

By dividing the cross section areas    and     the ratio for the pipe expansion can be determined 

according to Equation 16. 

   
  

  
 Equation 16 

     
     

  
 Equation 17 

           
           

  
 Equation 18 

The installation of bigger pipes are not the only thing to be considered, a fan also has to supply 

the pipe with a sufficient air mass flow of ambient air.  

To determine if a fan, that can supply the necessary mass flow would be reasonable in size and if 

it would be cost effective, a fan from ebm-papst AB[21] was studied. The fan is an in-line duct 

fan and can be seen in Figure 29. The technical data for the fan can be found in Table 2. 

 

Figure 29. Fan W4E315-IP18-01from ebm-papst AB [22] 

Table 2. Technical data for fan W4E315-IP18-01 

Parameter Power  Length Diameter Mass flow Weight 

Value                                       ⁄            
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The power of the fan is     , and its efficiency was approximated to     . This approximation 

was based on data from different fans in the same dimension. To see if it would be economically 

realizable it was necessary to investigate how much diesel it would take to power the fan. The 

diesel consumption can be calculated by using Equation 19[23]: 

    
    

             
 Equation 19 

Where    is the effect     of the fan,   is the time    ,    is the efficiency of the fan,    is the 

efficiency of the motor,      is the lower heating value         and    is the density          
of the diesel. The motor was assumed to have an efficiency of      and the diesel has the lower 

heating value of          and a density of     . The time was set to    minutes. With these 

values the increased fuel consumption can be calculated. 

   
    

             
 

         

                      
        

The fan can supply more than the sufficient calculated mass flow that is necessary to reach an 

outlet temperature of       , and has a weight of       . The fan could be considered to be 

unreasonable in size and weight, but this is something that has to be further investigated in 

accordance with Scania if the concept is chosen for further valuation. 

3.3.2. Calculation for concept 5 and 6, heat transfer between two medias in 
a pipe 

Most of the used equations in this chapter can be found in the book “Applied thermodynamics, 

collection of formulas” [24]. 

To investigate if concept 5 & 6 was realizable, some calculations regarding their cooling abilities 

were made. The cooling media and the media that were assumed to be cooled, in the condenser, 

were assumed to be water and dry air, where the initial temperature of these were      and 

    . The temperature      of the refrigerant was chosen to represent the temperature of a 

refrigerant in a car radiator. Parameters for the media in its initial state are listed in Table 3. 

Table 3. Properties of the two medias in their initial condition [24] 

Thermal properties Notations Water (    ) Air (             ) 

Density                     

Specific heat coefficient                         

Thermal conductivity                           

Dynamic viscosity                              

Prandtl number                              

To be able to perform the calculations the geometry of the condenser was determined. Some data 

could be found through analyzing the geometry of the existing exhaust pipe, other had to be 

approximated through assumptions. Table 4 presents the needed values of the geometry and 

Figure 30 shows how these are related to the actual condenser.  
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Table 4. Measured and assumed data of the condenser [24] 

Given data  Assumed data  

Inner pipe                 Pipe length           
Mass flow  ̇            ⁄   Thickness of inner pipe                 
Inside radius of 

inner pipe 
             

Thickness of the refrigerant 

flow 
                  

Cross section of 

the exhaust flow 
       

         
Thermal conductivity for 

aluminium 
                ⁄   

  Velocity of the refrigerant flow                 

 

 

Figure 30. Geometry of the condenser 

When the needed geometry of the condenser had been determined some areas and radii was 

calculated from the data, and are presented below: 

Outer radius on the inner pipe: 

               Equation 20 

Cross section area of the exhaust pipe: 

        
        Equation 21 

Inner radius for the overlying pipe: 

               Equation 22 

Cross section area of the refrigerant flow: 

          
              Equation 23 

Contact surface of the exhaust gases: 

                    Equation 24 

Contact surface of the refrigerant: 

                    Equation 25 

By the given, assumed and calculated data the velocity of the two medias could be calculated, 

see equation below: 
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Velocity of the exhaust gas is given by the equation “conservation of mass” and is formulated 

as: 

       ̇           ⁄  Equation 26 

To determined the heat transfer capability of a media it is necessary to know the thermal 

efficiency of the two medias. Knowledge that was needed was to determined if the flow was 

turbulent or laminar. The characteristic of the flow is determined by Reynolds number and was 

calculated as: 

    
      

 
  Equation 27 

where    is the hydraulic diameter. The hydraulic diameter is the same as the normal diameter 

for a circle but for an annulus, as the refrigerant is traveling in, the hydraulic diameter is defined 

as: 

                      Equation 28 

If Reynolds number is greater than 2300 the flow is considered to be of a turbulent characteristic 

and if its lower it is laminar. Calculations showed that the flow of both the exhaust gas and the 

refrigerant was turbulent.  

Furthermore, the kA-value for the system had to be calculated. The kA-value was calculated by 

Equation 29: 

 
 

  
 

 

           
 

    

          
 

 

           
 Equation 29 

where    and    is the thermal heat transfer coefficient of the inside and the outside surface and 

are defined by: 

      
      

 
              

           
    Equation 30 

and       was calculated as the logarithmic mean of the inside and the outside surface, and is 

defined as: 

 

      
           

         
   

      
               

           
 

Equation 31 

When the kA-value was determined the thermal efficiency of the medias could be calculated: 

    
           

             
 Equation 32 

where X and Y were given by: 

   
  

 ̇          
        

 ̇          

 ̇            
 Equation 33 

where the mass flow of the refrigerant is given by the equation “conservation of mass”. 

  ̇                       Equation 34 

Thermal efficiency of the two different media relate to each other according to: 

         Equation 35 

Through the thermal efficiency of the two medias the outlet temperature of the medias could be 

calculated by: 
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 Equation 36 

where   is the initial temperature difference between the medias and   is the temperature 

difference between the inlet and the outlet temperature for the specific media. The final 

temperature for the two medias was calculated through: 
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Equation 37 
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Equation 38 

where the refrigerant was assumed to be a counter flow to the exhaust gases. The results from the 

calculations are illustrated, as a graph, in Figure 31.  

 

Figure 31. Temperature of the medias as a function of travelled distance 

As the figure shows it is the total length of the condenser, which is related to the cooling surface 

of the refrigerant, that is affecting the outlet temperature of the exhaust gases. With the 

conditions that would represent a refrigerant in a car radiator it is shown that the condenser has 

to be more than three meters long to obtain the required temperature of the exhaust gases of 

       at the outlet.  

To investigate if the initial temperature of the refrigerant and the exhaust gases had a great 

impact on the cooling ability of the condenser the calculations where repeated for a lower 

refrigerant temperature. The temperature was set to   . The results is shown as graphs in Figure 

32.  
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Figure 32. Temperature of the medias as a function of travelled distance 

The results shows that the temperature difference has impact on the cooling ability but that a 

refrigerant with lower temperature isn’t enough to reach the desired outlet exhaust temperature.   

The condenser could be equipped with fins in order to increase the cooling area. By doing this 

the length of the condenser could be reduced. Although, it is clear that even if the condenser is 

equipped with fins, it would be too long to be mounted in a bus, since the space in the engine 

compartment is limited. 
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3.3.3. Pugh matrix 

To evaluate the eight different concept a decision method was used called Pugh matrix[4]. The 

Pugh matrix was first introduced by Stuart Pugh who was a professor and the head of the design 

division at the university Strathclyde in Glasgow. Today the method is well known and used 

internationally. The method is based on evaluating solutions, prototypes, methods or ideas etc. to 

something that already is known, e.g. an already existing solution, prototype, method or an idea, 

by weighted criteria. The existing solution, the baseline, works like an evaluation assistance. 

Each solution is evaluated by how well it meet a certain criteria in relation to the baseline. If the 

solution meet the criteria better than the baseline it scores positive, if it is worse it scores 

negative and if it performs equal it scores zero. The score scale can vary from a three-scale, a 

five-scale to a seven scale, depending on how big variation of scores that is desired. The criteria 

are, as mentioned, weighted and the value of the weight differ from one to five depending on 

how important they are considered.  

The evaluating Pugh matrix for the different concept in this project is illustrated in Table 5. 

Table 5. Pugh matrix with a five-scale score scale 

 
 

As Table 5 shows it was chosen to evaluate the concept with seven different weighted criteria 

through a five-scale score scale. The baseline for the Pugh matrix was the original design.  

The criteria price was valued low because this study was aimed at finding a solution that 

successfully solves the problem, and the price of the solution was considered secondary. The 

same goes for the criteria size and weight, since they are considered to be a factor based on how 

much Scania was willing to sacrifice in order to achieve a good solution, and not what may be 

most efficient to lower the temperature.  

The total score shows how well the concepts performed in relation to the baseline. 

  

Criteria Price Size
Back 

pressure
Velocity

Temperature 

reducing effect
Weight Simplicity Total

Weighting 1 2 4 4 5 2 3 -

Concept

Original 0 0 0 0 0 0 0 -

1 - Injection, internal -1 -1 -2 0 2 -1 -1 -6

2 - Injection, external -1 -1 0 0 2 -1 -1 2

3 - Venturi, below 

atmospheric pressure
-1 -1 -2 -2 1 -1 0 -16

4 - Venturi, opening -1 0 -1 0 1 0 0 0

5 -Flue gas cooler -2 -1 -1 0 1 -1 -1 -8

6 - Heat exchanger -2 -2 -1 0 1 -2 -2 -15

7 - Diffuser -1 -1 0 0 2 -1 0 5

8 - Double exhaust 

outlets
-1 -1 0 0 1 -1 0 0
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3.4. Development concepts 

After the concept generation four different concepts was decided to be further developed. To 

investigate how these concepts would perform in reality, CFD simulations were conducted, 

which demanded CAD models of every concept. This chapter will present the design of the 

concepts that were further developed. 

3.4.1. Concept 2 – Smooth/Enlarged 

The general design was the same for both the ground and the roof solution, with the fundamental 

idea to place the inlet of ambient air as close to the silencer outlet as possible, see Figure 33. This 

was based on giving the exhaust gas as long time as possible to mix with the ambient air.  

 

Figure 33. Final design of concept 2 

The roof and ground solutions were meant for different engines, Otto gas and D7, with different 

maximum mass flows of exhaust gas. Since the inlet of ambient air geometry is depending on the 

mass flow of the exhaust gas the inlet diameter differs from the two solutions.  

Concept 2 has two different designs, one was called smooth inlet the other was called enlarged 

inlet. The smooth inlet consists of the original exhaust system, with a injection tube mounted to 

it where the ambient air is injected. The injection tube is placed in a bend, and follows the 

exhaust pipe surface according to Figure 34. 

 

Figure 34. The design of the smooth inlet 

The enlarged inlet refers to the solution where the sum of the diameter of both the inlets pipe of 

ambient air and the exhaust pipe creates the geometry for the continuation of the pipe. Figure 35 

shows how the geometry of the ordinary pipe has been enlarged after the inlet of ambient air.  
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Figure 35. Enlarged exhaust system for the D7 installation compared to the original design 

The basic idea with the enlargement was to analyze the difference in generated back pressure 

compared to the ordinary pipe geometry.   

3.4.2. Concept 4 – Venturi 

Concept 4 was designed to make use of the venturi effect and create an inflow of ambient air 

which would mix with the exhaust gas and lower the temperature. The inflow of ambient air will 

not be generated due to a pressure difference, but only through an opening and a very small 

radius reduction that allows ambient air to enter the exhaust pipe. The solution was chosen to be 

superior to a ordinary venturi, since it was assumed that a bigger decrease in the cross section 

area would generate velocities above the permitted     . As stated before, this concept was 

chosen for CFD simulations to determine how well the cooling effect would be and to determine 

the back pressure it would generate. If the cooling effect would prove to be good or moderate, 

and the generated back pressure low, this concept could perhaps be used together with some of 

the other concepts. Figure 36 shows the concept mounted on to the two different silencers. 

 

Figure 36. Illustration of concept 4 mounted on the two different installations 

Since the ambient air would mix with the exhaust gas, it was decided that the venturi should be 

placed as close to the silencer, and near the exhaust pipe beginning, as possible. This would 

allow the ambient air and the exhaust gas to mix as much as possible, and reach a low 

temperature before it exists the exhaust pipe. 
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3.4.3. Concept 7 – Diffuser  

Concept 7, the diffuser solution, was designed to distribute the air to a greater volume, and allow 

the ambient air to cool the exhaust gas once it leaves the exhaust pipe. The design that was 

chosen was called “The trumpet design” since the dividing surfaces looks like the bell of a 

trumpet. The idea of these surfaces was that they would dissipate the exhaust gas in batches. 

After the surfaces, a wedge element was created in the top of the exhaust pipe. This wedge 

element would dissipate the exhaust gas that is left, but in a different direction than the trumpets. 

The designs for the roof installation and the ground installation can be seen in Figure 37. 

 

Figure 37. Design of the two diffusers 

When designing the diffusers, it was concluded that the original exhaust pipe for the roof 

installation was shorter than for the ground installation. To ensure that the roof concept would be 

reasonable in size, it was decided that the diffuser for the roof installation would only have one 

dividing surface.  
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3.4.4. Concept 8 – Double exhaust outlets 

The final concept that was chosen for CFD simulations was concept 8, that would distribute the 

exhaust gas to a greater volume by using double exhaust pipes. Here, some differences between 

the roof and the ground installation were made to see if they had any impact on how the exhaust 

gas would behave once it would leave the exhaust pipes. The two designs can be seen in Figure 

38. 

 

Figure 38. Design of concept 8 for both installations 

As the figure shows the roof pipes have orifices that are horizontally straight while the ground 

pipes are angled, to avoid that the two mass flows interfere. The roof installation has round edges 

while the ground installation has sharp. The roof installation has a smaller mounting volume 

which led to a more compressed design, compared to the ground installation. Apart from the 

mentioned differences the general design was equal.  

3.5. Competitor analysis 

During the feasibility study it was found that a lot of the competitors used diffusers in order to 

deal with the problem regarding high exhaust gas temperatures. It was decided that some of the 

studied solutions would undergo CFD simulation, in order to determine if the competitors 

solutions would be sufficient to meet Scanias internal requirements, and also to investigate how 

their diffusers performed compared to the generated concepts. 

All of the competitors solutions were diffusers, meant to be mounted on a bus or truck with 

ground outlet. One diffuser that was analyzed was used by Mercedes on their bus Citaro, 

presented on the International Motor Show in Hannover 2012 and can be seen in appendix 1. A 

recreation of the diffuser can be seen in Figure 39.  
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Figure 39. Competitor diffuser potty 

Another diffuser that was chosen for analysis was another Mercedes diffuser, but used on the bus 

model Setra ComfortClass 500 and can be seen in appendix 1. The diffuser is similar to the 

solution above with the same basic idea, to spread the exhaust gas to a V-shaped flow that can 

diffuse to a greater volume. The design has also been found in a patent assigned by freightliner, 

LLC[25]. A recreation of the diffuser can be seen in Figure 40. 

 

Figure 40. Competitor diffuser claw 

The third diffuser that was analyzed was designed to break the jet with a simple wedge element. 

The diffuser is very simple and cheap to manufacture, and can be seen in Figure 41. 

 

Figure 41. Competitor diffuser wedge element 

The three diffusers presented here were not the only diffusers that were found when looking at 

competitors solutions. However, these three was chosen to undergo CFD simulation due to the 

fact that they have all been seen on mounted on buses and trucks, while some of the discarded 

solutions had only been found in patents. 
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3.6. Cost analysis 

By determine the price for the different concept, Scania would gain an understanding of how 

much the components would cost to purchase as an article to a certain volume.  

Scanias internal purchasing group (SMF) was contacted, where Kenneth Persson analyzed the 

generated concepts. Since it is difficult to determined the cost for the concepts without allowing 

suppliers to analyze the concepts and then compare for quotation proposals between each other it 

was determined that a estimation would be made instead.  

The purchasing group on Scania often works to produce approximate costs estimations for a 

component having a specific volume. This allow the engineer to have get a hint of the cost on a 

coming component. To estimate the cost of a component, all its manufacturing steps, including 

manufacturing time for each step, has to be assumed. A data collection containing hourly rate 

costs for each manufacturing step is then used to determine the cost price of each step. Table 6 

shows approximate costs estimations by Kenneth and how they result in a final minute cost for 

the manufacturing step. 

Table 6. An illustration of how a cost estimation of a manufacturing step is performed 

 

OPE, overall process efficiency, is a value of how productive a manufacture step is. This 

efficiency can differ a lot between manufacturers and depends on several things, such as the 

equipment, the employees and how effective the organization is etc.   

Together with Kenneth it was determined that every concept couldn’t be cost estimated, since the 

process would be too time consuming. Instead, the concepts were cost valued through a scale 

from 1 to 10, where Kenneth through his expertise valued the concepts costs. Value 1 represents 

the cost for the original design and 10 an unreasonable cost, far too expensive for the product to 

be put into production. Even if the values not provide information regarding the exact cost, it 

will give an approximate idea of how much the concepts will cost in comparison to each other.  

The original designs for the two installations will as mentioned work as baselines for the cost 

analysis. To get a better understanding of the cost size the exact cost for the original designs 

were determined. The cost for the two baselines and the cost values for the different concepts are 

presented in Table 9 and Table 10 for the D7 installation respectively the Otto gas installation.  

When investigating the competitors concepts regarding cost it was realized that they most likely 

thought in a cost effective way from the initial designs. All the competitors concept could be 

manufactured through punching, which is an effective and inexpensive way to produce 

Manufacturing step
Equipment 

cost per hour

Manufacturing 

cost per hour
Time sek OPE

Cost per 

minute

Welding (Manual) 13,60 € 30,00 € 60 75% 0,969 €

Endforming 70,00 € 30,00 € 60 75% 2,222 €

Cutting 50,00 € 27,00 € 60 75% 1,711 €

Mounting 6,00 € 30,00 € 60 70% 0,857 €

Wash 50,00 € 27,00 € 60 80% 1,604 €

Welding (Robot) 80,00 € 30,00 € 60 90% 2,037 €

Pipe laser 120,00 € 30,00 € 60 90% 2,778 €

Cost per bend 5,00 € 5,00 €

Setup cost (Fixture)
Varies 

significanly

Varies 

significanly
 - 

Pipe prices can be obtained from (Helens rör:)

http://benteler.solidlab.com/pricelist.aspx
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components. Often the most expensive, with the manufacturing method, is to manufacture the 

new punch tool, which makes it more profitable for larger volumes. The cost values for the 

competitors concepts is presented in Table 11. 

The cost estimation is only computed for the piping and its transformations. Since concept 2 will 

demand additional components (a fan, a fan housing and an additional piping) than the ones that 

has been investigated regarding costs. Because of this, it is likely that the concept, even if it by 

the valuation is considered inexpensive to manufacture, will be the most expensive concept. This 

is noted in Table 9 and Table 10 by the highest value, 10, in brackets at the side of the cost value. 

The concept generation concentrated on finding the best temperature reducing solution, and 

didn’t reflect over the coming costs. However, when the concepts were investigated regarding 

costs it was realized that the initial designs of some concepts easily could be redesigned to 

achieve a less expensive product.  The concept chosen as the superior one have undergone an 

cost reducing investigation, which is further treated in chapter “4.4. Final concept”. 

3.6. CFD simulations 

As already mentioned it was decided that the concepts were to be investigated on two different 

installations; one roof installation with a Otto gas engine and cylindrical silencer, and one ground 

installation with a seven liter diesel engine and Cummins silencer. The basic idea with the 

investigation was to analyze if the concepts designs generated mass flow velocities above the 

approved limitation (    ), which temperatures that would be achieved at the specified surfaces 

(ground and at any plane that is a boundary of the buss) and also determine the generated back 

pressure. A secondary temperature was analyzed at the exhaust outlet in order to verify if the 

temperature differed between the concepts.   

When performing CFD simulation it is important to understand that the result most likely will 

differ from reality. To ensure that the internal requirements from Scania are met, field tests will 

have to be performed later on. The CFD simulations will however show which concept that 

performs best compared to each other and to the original design.  

To perform the CFD simulation some boundary conditions concerning the exhaust gas 

temperature (EGT) and the mass flow rate (MFEG) had to be defined. The data for the 

simulations was chosen to reflect critical situations, and was gathered from measurements 

performed by Scania. The data selected was of a "worst case scenario" characteristic, since the 

speed controller, that operates the bus speed, was unknown when the measurements was 

performed. With this approach the concept can be verified, and later optimized, against the worst 

case scenario situations. The worst case scenario data for the D7 engine was in transient 

measurements when the bus was driven with a aggressive SCR system. The worst case scenario 

data for the Otto gas engine was also for the measurements for the transient data.  

The injection of ambient air was determined through calculations and the abbreviation MFAA 

stands for mass flow of ambient air.  

Due to confidentiality requirements from Scania, no temperatures or mass flows will be 

presented in this report. Instead, the mass flows will be reflected by a 1-100% scale. Where 1% 

represents a low mass flow, and 100% represents a high mass flow. The temperature is given in 

  , which reflects Scanias internal requirement of accepted exhaust gas temperatures. The 

numbers doesn’t give any information by themselves, but comparing them to each other and to 

the numbers from the original design will be sufficient in order to see which concept performed 

the best. 
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3.6.1. Critical situations for the D7 engine 

Since the diesel engine occasionally regenerates, and through this increases the exhaust 

temperature to purify the particular filter, one critical situation would be when the bus is 

performing a stationary regeneration.  

Another critical situation could be when the bus is standing still, at idle, and starts to accelerate. 

To analyze how the temperature varies at this critical situation the engine load was varied with 

two different loads,     and     . The     load would represent an approximate load when 

the engine is operating at idle. This load is caused by the surrounding systems that is powered by 

the engine, such as the fan, the air condition and the electric systems, etc. 

Since there is a stated limitation of the maximum velocity of the gas, it was of interest to analyze 

the critical situation when the engine works at maximum operating speed (2200 RPM), with 

     load. This situation would not risk harming surrounding people because it only occurs 

when the bus is traveling in maximum speed and load.  

The temperatures for the different situations can be seen in Table 7. 

Table 7. Data for the D7 installation 

 

3.6.2. Critical situations for the Otto gas engine 

An Otto gas engine enables the after treatment to run without a particulate filter. Due to this, no 

regeneration occurs in a Otto gas engine. 

The Otto gas engine was simulated for the same situations as the diesel engine, but since the 

characteristics of the engine differs, the engine speed at idle was different. Idle speed for the Otto 

gas engine is 600 rpm and the maximum operating speed is 2000 rpm. Since no data was 

available for the temperatures and mass flows at 600 rpm, data for 800 rpm was used instead. 

The data for 800 rpm have higher temperatures and mass flows, so the concepts were analyzed 

for a scenario that was worse than reality. The different situations with corresponding data can 

be seen in Table 8. 

Case 1 EGT [X] 1,25

20% load MFEG [kg/h] 9%

800 RPM MFAA [kg/h] 0%

Case 2 EGT [X] 2,19

100% load MFEG [kg/h] 12%

800 RPM MFAA [kg/h] 8%

Case 3 EGT [X] 2,27

100% load MFEG [kg/h] 52%

2200 RPM MFAA [kg/h] 37%

EGT [X] 2,00

Regeneration MFEG [kg/h] 20%

MFAA [kg/h] 10%
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Table 8. Data for the Otto gas installation 

 
  

Case 1 EGT [X] 1,69

20% load MFEG [kg/h] 5%

800 RPM MFAA [kg/h] 1%

Case 2 EGT [X] 1,86

100% load MFEG [kg/h] 17%

800 RPM MFAA [kg/h] 6%

Case 3 EGT [X] 2,57

100% load MFEG [kg/h] 48%

2000 RPM MFAA [kg/h] 46%
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4 RESULTS 

This chapter will present the results from the CFD simulations, the results from the cost analysis, 

and the conclusions made from these results. 

 

 

4.1. D7 

From the generated concept mounted on the D7 ground installation, it could be concluded that 

some of the concepts performed better than the ordinary exhaust pipe concerning temperature 

reducing effects, mass flow velocities and generated back pressure. The results and conclusions 

drawn for the four concepts are presented in the upcoming chapters.  

The CFD simulations provided information regarding how the concepts performed in different 

aspects, such as cooling effect, back pressure and the mass flow velocity. This chapter presents 

the main results, which illustrated the differences between the concepts best, from the CFD 

simulations for the D7 installation. Remaining results can be found in Appendix 2. 

The simulations calculated temperatures at five different surfaces around the outlet, as well as 

the maximum velocity of the exhaust gas and the generated back pressure. The different surfaces 

and how they are placed related to the outlet can be seen in an explanatory view in Figure 42. All 

surfaces, except from the ground, are positioned        from the outlet center. The ground 

surface is positioned        below the outlet center.  

 

Figure 42. Explanatory view of the surrounding surfaces at the outlet for the D7 installation  

To get an overview of the results, the data was compiled into a table, see Table 9. All the 

concepts was compared to the baseline (the original design) through a percentage difference. A 

green cell indicates a positive result, red indicates negative, yellow is a neutral result and a blue 

cell shows where data was missing or considered unreliable. The result was considered neutral if 

the percentage change didn’t exceed    .  

An analysis regarding the concepts weight was also carried out, where the concepts were 

compared to the original design. All the concepts were assumed to be manufactured in steel, with 

a density of          ⁄ . The result of the weight analysis can be seen in Table 9. CFD data 

for D7. 
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Table 9. CFD data for D7 

 

To further show how the different concepts performed, and to visualize the behavior of the mass 

flow, 3D isometric views of the different concepts and situations were simulated. Figure 43-

Figure 48 shows how the concepts performed in case 3      rpm,      load , since it were 

considered to describe how the concepts spreads the exhausts best. 

4.1.1. Original design 

The original design showed that the jet of exhaust gas is very concentrated, and that the core is 

kept intact until the exhaust gas hits the ground. The temperature at the ground was almost two 

times larger than the desired temperature of   . 

 

Figure 43. Isometric view, D7, original design, case 3 

  

Weight  - 

Cost estimation 1

Pressure drop [Pa] 189 185 -2% 116 -39% 186 -2% 1004 431% 176 93%

Temperature, ground [X] 0,89 1,03 15% 1,03 16% 0,92 4% 0,85 -4% 1,01 13%

Temperature, left [X] 0,50 0,67 35% 0,72 44% 0,56 12% 0,65 30% 0,68 36%

Temperature, right [X] 0,65 0,60 -8% 0,95 46% 0,71 9% 0,78 20% 0,61 -6%

Temperature, front [X] 0,91 1,02 13% 1,11 22% 0,93 3% 0,86 -6% 0,95 5%

Maximum velocity [Y] 0,237 0,238 0% 0,239 1% 0,237 0% 0,231 -3% 0,240 1%

Pressure drop [Pa] 464 678 46% 343 -26% 474 2% 443 -5% 437 -6%

Temperature, ground [X] 1,38 1,04 -25% 1,14 -17% 1,57 14% 1,17 -15% 1,84 34%

Temperature, left [X] 0,77 0,68 -12% 0,91 18% 0,71 -8% 0,94 22% 1,28 66%

Temperature, right [X] 1,00 0,82 -18% 1,04 4% 1,00 0% 0,93 -7% 1,05 5%

Temperature, front [X] 1,46 1,04 -29% 1,26 -14% 1,59 9% 1,05 -28% 1,61 10%

Maximum velocity [Y] 0,394 0,465 18% 0,395 0% 0,392 0% 0,395 0% 0,396 1%

Pressure drop [Pa] 7366 11677 59% 5898 -20% 8175 11% 6862 -7% 6876 -7%

Temperature, ground [X] 1,92 1,05 -45% 1,13 -41% 1,47 -23% 1,17 -39% 2,19 14%

Temperature, left [X] 0,81 0,76 -6% 0,72 -11% 0,82 1% 0,76 -6% 1,23 52%

Temperature, right [X] 1,44 0,80 -44% 0,96 -33% 1,04 -27% 1,16 -19% 1,20 -17%

Temperature, front [X] 1,92 1,14 -40% 1,30 -32% 1,57 -18% 1,24 -35% 2,03 6%

Maximum velocity [Y] 1,840 2,150 17% 1,863 1% 1,812 -2% 1,844 0% 1,846 0%

Pressure drop [Pa] 1131 1525 35% 876 -23% 1194 6% 1056 -7% 1057 -7%

Temperature, ground [X] 1,65 1,06 -36% 1,08 -34% 1,44 -13% 1,19 -28% 1,93 17%

Temperature, left [X] 0,68 0,51 -25% 0,75 9% 0,75 9% 1,00 46% 1,14 67%

Temperature, right [X] 1,14 0,90 -21% 0,95 -17% 1,11 -2% 0,87 -24% 1,03 -9%

Temperature, front [X] 1,66 1,07 -36% 1,21 -27% 1,46 -12% 0,97 -42% 1,79 8%

Maximum velocity [Y] 0,658 0,713 8% 0,661 1% 0,658 0% 0,665 1% 0,662 1%

Two outletsSmoothOriginal Enlarged Venturi Diffuser

Economy

  Green - positive results 

  Red - negative results

  Yellow - neutral results

  Blue - Data missing or unreliable
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Case 1 

20%load 

800rpm

Case 2 

100%load 

800rpm

Case 3 

100%load 

2200rpm

Case 4 

Regene- 

ration 

1,8% 76,0% 4,4% 4,6% 19,2%

3 (10) 5 (10) 6 10 7
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4.1.2. Concept 2 

The simulations of concept 2 showed that injection of ambient air into the exhaust gas pipe is an 

efficient way to reduce the exhaust gas temperature. The injected ambient air had sufficient time 

to mix with the exhaust gases, which could be confirmed by the fact that the mass flow that left 

the outlet had a homogenous distribution of the temperature, see Figure 44 and Figure 45.  

It was found that there were large differences between enlarging the exhaust pipe compared to 

maintain the original size. The simulations showed that by using bigger pipes, the back pressure 

and velocities will decrease.  

The installation of bigger pipes is also space consuming, and will increase the weight of the 

system. If the mix of ambient air and exhaust gas proves to be complete after short time the 

enlargement could be shorter, which would be easier to fit into the engine compartment. 

Concept 2 requires a fan to be installed, and this fan will contribute to a weight increase and 

increased fuel consumption. It will also require space in the engine compartment. The engine 

compartment is packed as it is and increasing the fuel consumption is undesired, which are 

crucial arguments not to proceed with the concepts.  

Enlarged 

 The design has a major weight increase and is very space consuming 

 The design showed that an enlarged design compensated for the increased mass flow in 

the system, resulting in lower back pressure in all cases compared to the original design 

 The design generated similar mass flow velocities as for the original design  

 

 

Figure 44. Isometric view, D7, concept 2 enlarged, case 3 

Smooth 

 The design generated the most back pressure in all cases 

 The design generated the highest mass flow velocities in all cases 
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Figure 45. Isometric view, D7, concept 2 smooth, case 3 

4.1.3. Concept 4 - Venturi 

The venturi solution was determined to be simulated to analyze if a smaller venturi had some 

cooling effects. The simulation showed that back pressure and mass flow velocities didn’t differ 

significantly from the original design even if the cross section area was slightly reduced. The 

solution contributed to a small temperature reduction (inflow of    of ambient air for case 3) 

and could possibly be used in combination with another concept to achieve a lower temperature. 

However, in some of the simulated cases it was noticed that the concept leaked out exhaust gas 

into the engine compartment, instead of injecting ambient air into the pipe. In order to avoid this, 

and also creating a more efficient venturi, a study could be carried out that only focuses on 

developing a venturi for a temperature reducing purpose.  

 The concept had a rather low cooling effect 

 The concept didn’t increase the mass flow velocity to any great extent 

 The concept increased the back pressure in some situations 

 

Figure 46. Isometric view, D7, venturi solution, case 3 

4.1.4. Diffuser 

The simulation of the diffuser, concept 7, showed that the design led to a good diffusion of the 

exhaust gasses, resulting in more evenly distributed exhaust gas temperature compared to the 

original design. 

The design is considered to be to complex and expensive to manufacture compared to the 

competitor solutions. However, the idea of diffusing the gases in batches is still considered to be 

a good temperature reducing solution.   



57 

 

 The concept had, through the diffusion, a good temperature reducing effect  

 The surfaces had relatively similar temperatures, which is interpreted as that the diffuser 

distributes the exhaust gases evenly downwards 

 The concept didn’t increase the mass flow velocity to any great extent 

 The concept decreased the back pressure for all cases (case 1, unreliable data) 

 

Figure 47. Isometric view, D7, diffuser solution, case 3 

4.1.5. Double exhaust outlets 

The simulations for the double exhaust outlets showed that the design lacked of temperature 

reducing effects. However, the flow force, because of the division, will be less for each exhaust 

compared to the original design, making them more sensitive to nearby streams such as the 

airstream generated when the bus is moving.  

The design of double exhaust outlets will affect the velocity that the gases has once they exit the 

outlet, and the velocity will decrease compared to the original design. Since the heat transfer 

coefficient is a function of velocity[26], the heat transferred to the ground or other components 

will be less than for the original design, due to the decreased velocity. 

 The concept had low temperature reducing effects 

 The ground temperature for concept 8 was higher than for the original design in all 

situations 

 The concept didn’t influence the back pressure to any great extent 

 The concept generated a small, but almost negligible, increase in mass flow velocity 

 

Figure 48. Isometric view, D7, double exhaust outlets, case 3 
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4.1.6. Back pressure and velocities 

All of the concepts, except concept 2 smooth, showed a minimal impact on the generated back 

pressure. The generated back pressures for all concepts and cases can be seen in Figure 49.  

 

Figure 49. Generated backpressure for all concepts and all cases, D7 

The velocities were almost the same as the original design for all concepts. All concepts showed 

surprisingly high velocities for case 3, but since the original design had similar velocities in this 

case, the results are considered to be approved regarding the velocity. Figure 50 shows how the 

maximum velocities varied in the different situation for all concepts. 

 

Figure 50. Maximum velocity in the system for all concepts and all cases 
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4.2. Otto gas 

The CFD simulations provided information regarding how the concepts performed in different 

aspects, such as cooling effect, back pressure and the mass flow velocity. This chapter presents 

the main results, which illustrates the differences between the concepts best, from the CFD 

simulations for the Otto gas installation. Remaining results can be found in Appendix 3. 

The simulations calculated the temperatures at three different surfaces, as well as the maximum 

velocity of the exhaust gas and the generated back pressure. Figure 51 shows an illustration of 

the surfaces where the temperatures were calculated, and also the roof of the bus. All surfaces, 

except for the bus roof, are positioned in relation to the original design and is placed        

from the outlet center. The bus roof is also positioned in relation to the original design and is 

placed        below the outlet center.   

 

Figure 51. Explanatory view of the different surfaces at the outlet for the roof outlet 

The data from the simulations was compiled into a similar table as the one for D7, and can be 

seen in Table 10. 

Table 10. CFD data for Otto gas 

 

As Table 10 shows data for the enlarged concept is missing. Unfortunately, the model needed to 

perform the simulation got missing during the simulations, due to communication issues. Since 

Weight  - 

Cost estimation 1

Pressure drop [Pa] 19,5 24,4 25% - - 18,7 -4% 14,6 -25% 14,5 -26%

Temperature, left [X] 0,2 0,2 -4% - - 0,2 -2% 0,7 255% 0,3 55%

Temperature, right [X] 0,1 0,1 0% - - 0,1 4% 0,5 396% 0,5 348%

Temperature, front [X] 1,5 1,3 -16% - - 1,5 -2% 0,9 -41% 1,2 -20%

Maximum velocity [Y] 0,091 0,096 6% - - 0,087 -4% 0,091 0% 0,091 0%

Pressure drop [Pa] 190,8 271,7 42% - - 187,5 -2% 148,1 -22% 131,1 -31%

Temperature, left [X] 0,2 0,2 -13% - - 0,2 3% 0,7 230% 0,4 94%

Temperature, right [X] 0,1 0,1 -12% - - 0,1 -2% 0,5 281% 0,9 533%

Temperature, front [X] 1,8 1,5 -12% - - 1,8 0% 1,0 -43% 1,5 -15%

Maximum velocity [Y] 0,308 0,354 15% - - 0,306 -1% 0,310 1% 0,310 1%

Pressure drop [Pa] 1543,5 3537,1 129% - - 1637,3 6% 1318,0 -15% 1038,7 -33%

Temperature, left [X] 0,2 0,2 -21% - - 0,2 -12% 0,7 226% 0,7 184%

Temperature, right [X] 0,2 0,2 -17% - - 0,2 -2% 0,6 182% 1,1 419%

Temperature, front [X] 2,5 2,0 -19% - - 2,5 -2% 1,2 -51% 2,0 -22%

Maximum velocity [Y] 0,975 1,465 50% - - 1,005 3% 0,984 1% 0,985 1%

3 (10) 5 (10) 6 9 7

  Green - positive results 

  Red - negative results

  Yellow - neutral results

  Blue - Data missing or unreliable

Two outletsDiffuserVenturiEnlargedSmoothOriginal
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the simulations for Otto gas got seriously delayed, and because performing simulation takes long 

time, the concept could never be simulated.    

To further show how the different concepts performed, and to visualize the behavior of the mass 

flow, isometric views of the different concepts and situations were produced. Figure 52-Figure 

56 shows how the concepts performed in case 2       rpm,      load . 

4.2.1. Original design 

As suspected, the original design generated a mass flow of exhaust gas that left the outlet as a 

concentrated jet, with a peak temperature in the core of the jet. This design resulted in a very 

high temperature at the front surface, and very low temperatures at the sides. 

 

Figure 52. Isometric view, otto gas, original design, case 2 

4.2.2. Concept 2 

The simulation showed that the concept has a temperature reducing effect for all cases, but that 

the temperature differences between the surfaces is still big.  

As shown in Figure 53, the exhaust gas and the ambient air has mixed poorly. This is believed to 

be due to the increased mass flow velocity and the short piping (the outlet is much shorter than 

for the D7 installation) giving the ambient air less time to mix with the exhaust gas. This 

behavior could cause problems since the hot jet might heat up the pipe outlet to high 

temperatures.   

The concept generated a major increase in back pressure for all cases. It was also the only 

concept that generated mass flow velocities above the permitted level.   

Smooth 

 The design generated the most back pressure in all cases 

 The design generated the highest mass flow velocities in all cases 

 The concept requires a fan, which will contribute to a weight increase and also consume 

space in the engine compartment 

 The concept showed temperature reducing effects in all cases 
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Figure 53. Isometric view, otto gas, concept 2 smooth, case 2 

4.2.3. Concept 4 – Venturi 

The simulations showed that a temperature drop is achieved due to the venturi, but it is almost 

negligible. The temperature drop may be very small but since the concept doesn’t contribute to 

mass flow velocities or back pressures over the acceptable limit it is considered that the concept 

has potential to be improved. The concept could also be combined with a diffuser to create a 

solution that has a better temperature reducing effect. 

 The concept had a low cooling effect 

 The concept didn’t increase the mass flow velocity to any great extent 

 The concept didn’t increased the back pressure to any greater extent 

 

 

Figure 54. Isometric view, otto gas, venturi solution, case 2 

4.2.4. Diffuser 

The simulation for the concept showed that it had a good temperature reducing effect. The 

concept diffused the exhaust gases to a greater volume after the outlet, resulting in a more evenly 

distributed heat. The diffuser met all the temperature targets except for case 3, which is superior 

to all the other concepts. In Table 10 the temperatures for the side surfaces are marked red, since 

the temperatures here are higher than for the original design. This is due to an improved 

diffusion of the exhaust gas, and the calculated temperatures for the sides were never higher than 

the stated goal of   . The front surface temperature was reduced substantially due to the 

improved diffusion of exhaust gas. 

The design is considered to be to complex and expensive to manufacture compared to the 

competitor solutions. However, the idea of diffusing the gases in batches is still considered to be 

a good temperature reducing solution.   

 The concept had the best temperature reducing effect 
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 The investigated surfaces had relatively similar temperatures, reflecting the concepts 

diffusive properties.  

 The concept didn’t increase the mass flow velocity  

 The concept decreased the generated back pressure for all cases 

 

Figure 55. Isometric view, otto gas, diffuser solution, case 2 

4.2.5. Double exhaust outlets 

The concepts that used double exhaust outlets to diffuse the exhaust gas showed good 

temperature reducing effects, and distributed the heat more evenly than the original design. 

However, the concept didn’t result in as low temperatures as the diffuser did. The temperature on 

the sides differed a lot from each other, where the right surface temperature was much higher 

than the left one. 

 The concept showed a temperature reducing effect for the front surface, but still never 

met the requirement of    

 The concept had the biggest decrease in back pressure 

 The concept increased the velocities for two of the cases, but only by    

 

Figure 56. Isometric view, otto gas, double exhaust outlets, case 2 

4.2.6 Back pressure and velocities 

All of the concepts gave acceptable values with respect to back pressure, except concept 2 

smooth. The generated back pressure for all the concepts can be seen in Figure 57. 
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Figure 57. Generated backpressure for all concepts and all cases, otto gas 

Concept 2, smooth, generated  high velocities for case 3, and exceeded the permitted level of 

    . All of the other concepts gave acceptable values regarding the velocities of the exhaust 

gas, see Figure 58.  

 

Figure 58. Maximum velocity in the system for all concepts and all cases, otto gas 
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4.3. Competitor concepts 

The CFD simulations provided information regarding how the concepts performed in different 

aspects, such as cooling effect, back pressure and the mass flow velocity. This chapter presents 

the main results, which illustrated the differences between the concepts best, from the CFD 

simulations from the competitor concepts mounted in the D7 installation. Remaining results can 

be found in Appendix 3. 

The simulations calculated temperatures at four different surfaces around the outlet, as well as 

the generated back pressure. The previous CFD simulations, for D7 and Otto gas, demonstrated 

that a redesign of the outlet, where the cross sectional area is kept reasonably equal or larger, 

doesn’t affects the mass flow velocity negatively. Since the competitor concepts didn’t involve 

any cross section differences with large reductions of cross section areas it was determined that 

the mass flow velocities was unnecessary to investigate.  

The competitor concepts is mounted, as mentioned, on the D7 installation, and is positioned in 

accordance with the installation, see Figure 42.  

All the competitors concepts was considered to be manufactured through punching, which is a 

cost efficient way to manufacturing components in large volumes. It is of importance to know 

the volume, since a smaller volume increases the cost per unit. Therefore the competitors 

concepts are considered to be cost efficient for large volumes while other concepts, with other 

manufacturing processes, could be better for smaller volumes. 

The data from the simulations was compiled into a similar table as the one for D7 and Otto gas, 

and can be seen in Table 11. 
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Table 11. CFD data for the competitor analysis 

 

To further show how the different concepts performed, and to visualize the behavior of the mass flow, isometric 

views of the different concepts and situations were produced.  

 Figure 59-Figure 60 shows how the concepts performed in case 3       rpm,      load . 

4.3.1. The potty 

The potty concept showed good temperature reducing effects. The shape forces the core of 

exhaust gases to split and are directed downwards as a V-shape.  

The concept has a simple design and could probably be manufacture through punching, which is 

a effective and cheap manufacturing method when producing large volumes.  

 The concept diffuse the exhaust gases, and has good temperature reducing effect  

 The concept didn’t generate increased back pressure 

 The design of the concept is considered to be simple and would probably be cheap to 

manufacture 

Weight  - 

Cost estimation 1

Pressure drop [Pa] 189 173 -8% 175 -7% 179 -5%

Temperature, ground [C°] 223 180 -19% 105 -53% 27 -88%

Temperature, left [C°] 125 173 38% 100 -20% 40 -68%

Temperature, right [C°] 163 215 32% 106 -35% 42 -74%

Temperature, front [C°] 227 170 -25% 105 -54% 303 34%

Maximum velocity [Ma] 0,047  -  -  -  -  -  - 

Pressure drop [Pa] 464 437 -6% 444 -4% 460 -1%

Temperature, ground [C°] 344 302 -12% 156 -55% 27 -92%

Temperature, left [C°] 193 288 49% 148 -24% 48 -75%

Temperature, right [C°] 250 349 39% 162 -35% 49 -80%

Temperature, front [C°] 366 285 -22% 155 -58% 533 45%

Maximum velocity [Ma] 0,079  -  -  -  -  -  - 

Pressure drop [Pa] 7366 7207 -2% 7505 2% 7760 5%

Temperature, ground [C°] 479 292 -39% 165 -66% 27 -94%

Temperature, left [C°] 202 272 35% 161 -20% 63 -69%

Temperature, right [C°] 359 420 17% 161 -55% 49 -86%

Temperature, front [C°] 479 273 -43% 164 -66% 561 17%

Maximum velocity [Ma] 0,368  -  -  -  -  -  - 

Pressure drop [Pa] 1131 1122 -1% 1132 0% 1163 3%

Temperature, ground [C°] 412 298 -28% 145 -65% 27 -93%

Temperature, left [C°] 171 275 61% 139 -19% 47 -72%

Temperature, right [C°] 284 320 13% 148 -48% 49 -83%

Temperature, front [C°] 416 277 -34% 144 -65% 491 18%

Maximum velocity [Ma] 0,132  -  -  -  -  -  - 

Potty Claw Wedge element

+7,4% -8,0% -2,8%

  Green - positive results 

  Red - negative results

  Yellow - neutral results

  Blue - Data missing or unreliable
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 Figure 59. Isometric view,  D7, competitor analysis, potty, case 3 

4.3.2. The claw 

The claw concept was superior to all concepts, including the concepts analyzed in D7.  

When diffusing exhaust gas it is important to be able to direct the exhaust to a desired direction. 

Often this direction is downwards and tilted to one side. The claw concept is believed to diffuse 

a amount of exhaust to a unwanted direction, upwards. Even if the amount is small it can cause 

problem, since it is important to keep the temperature in the engine compartment as low as 

possible. Because of this, the concepts would have to undergo a further investigation on how 

much exhausts that is discharged upwards.   

 The concept had the best temperature reduction effects of all concepts and cases 

 The concept didn’t affect the back pressure 

 The concept is considered to be cheap to manufacture 

 The concept may have difficulties directing exhaust gas to a desired direction 

 

 

Figure 60. Isometric view,  D7, competitor analysis, claw, case 3 

4.3.3. The wedge element 

The wedge element concept didn’t show prove of any cooling effects or changes in the exhaust 

gas movement pattern. The core of the exhaust gases was still intact and no improved diffusion 

with the ambient air could be identified.  
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The concept may have performed better if the design had been shaped differently. If the wedge 

element had been directed in the same direction as for the original design it would have been 

easier to analyze the concept, and the effect of it.  

 The concept showed no temperature reducing effects 

 The concept is difficult to analyze since the direction differs from the others 

 The concept didn’t increase the back pressure to any greater extent 

 The concept is cheap to manufacture  

 

 

Figure 61. Isometric view,  D7, competitor analysis, Wedge element, case 3 

The data from the simulations showed that the backpressure barely is influenced by the concepts 

redesigns. The generated back pressure never exceeds a deterioration of more than   , see 

Table 11. 
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4.4. Final concept 

Through the CFD simulations it was realized that one of the competitors concept (the claw) was 

superior to the other concepts, regarding temperature reducing effects. However, the concept has 

difficulties directing the exhaust gases, which can cause increased temperatures in the 

surrounding environment. This may damage components, why Scania has strict requirements for 

temperatures in the engine compartment. Therefore it is considered that concepts that still has 

direction abilities is beneficial.  

The CFD simulations showed that a venturi can be designed in such a way that it contributes to a 

temperature reducing effect, without generating back pressures or raising the mass flow 

velocities to an unacceptable level. By combining a venturi with a diffuser, a better result could 

perhaps be achieved. However, the design of the venturi simulated in this project has in no way 

been optimized to achieve better temperature reducing effects and would need to be further 

investigated, in order to optimize its performance. 

By enlarging the tube it was noticed that the back pressure and the mass flow velocities could be 

lowered. By implementing the concept to a bigger pipe it would be less sensitive to back 

pressures and increased mass flow velocities.  

The diffuser is considered to be the superior one of the generated concepts, both for D7 and Otto 

gas, since it has the most temperature reducing effect while maintaining a low back pressure and 

keeping the mass flow velocities at a level that is similar to the original design. The concept also 

has the ability to direct the exhaust gas which can prevents the temperature in the engine 

compartment to increase, and also lead the exhaust gas away from other components. However, 

the diffuser concept is considered to be difficult to manufacture at a low cost. The idea of 

spreading the exhaust gas in batches seems to be a effective way of diffusing the exhaust gases, 

and could perhaps still be achieved, but with a simplified, cheaper design. Figure xx shows a 

proposed way to redesign the diffuser concepts to achieve a cheaper solution. The steel plates are 

cut and bended, and the pipe is bended and then processed by laser milling. The plates are then 

pushed into the tracks and welded.  

 

Figure 62. Proposed design for D7 diffuser. Laser milled pipe on the top, and the design of the plates in the middle. 

On the bottom, the assembled diffuser.  
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Figure 63. Proposed design for Otto gas diffuser. Laser milled pipe to the left, and the design of the plates in the 
middle. To the right, the assembled diffuser.  

 

The laser milled tracks in the pipe were chosen to have an ending that is angled, since this forces 

the exhaust gas to be directed downward before they leave the exhaust outlet. If the tracks would 

have lacked the angled tracks the exhaust gas would have exit the exhaust outlet straight 

backwards, risking a amount of exhausts to spread in a unwanted direction, see Figure 64.  

 

 

Figure 64. Angled tracks that forces the exhausts downward to the left and straight tracks to the right. 

Because the tracks narrows the first batch exit and forces the exhausts to pass through a smaller 

cross section area, that might increase the generated back pressure, the first pipe opening is 

opened further, which can be seen in Figure 62 and Figure 63.  
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5  CONCLUSIONS 

In this chapter the authors state their conclusions drawn from the results, and give their view on 

how whether they managed to achieve the goals or not.  

 

 

5.1 Conclusions 

To make it easy to understand what conclusions that were drawn from the project, these are 

presented in bullet form below. 

 Since the CFD simulations does not reflect reality, nor are made with fully accurate 

initial temperatures, it cannot be established if the objective of achieving    , on the 

ground or at any plane that are a boundary of the bus, is reached. However, the results 

shows that a major drop in temperature occurs when some of the concepts is 

implemented on the exhaust pipe.  

 Since the concepts are performing rather equal to the original design, and this has been 

approved, the target for mass flow velocities and back pressures is considered achieved. 

 By studying the results, it is considered that a general design may be implemented to give 

temperature lowering effects in different installations. The design might not be the most 

optimal for the installation but would still provide temperature lowering effects. 

 From the results it is considered that the diffuser concept is a superior solution to lower 

the exhaust gas temperature. The idea of distributing the air in batches seems to be an 

efficient way of spread the exhaust gases to a larger ambient volume. The solution is a 

general solution and can be implemented in a variety of buses and trucks. Since the cross 

section area of the exhaust pipe in different installations vary, the diffuser probably needs 

to be adjusted for the specific diameter of the exhaust system.   

 The proposed diffusers is considered to be reasonable in both size and weight. 

 The cost for the final concepts has not been determined, but cost improvements of the 

designs were made.   
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6  DISCUSSION AND REFLECTIONS 

In this chapter the results and conclusions from the project will be discussed. The authors also 

reflect over their own performance. 

 

 

6.1. Discussion  

The main goal of the project were to come up with a solution that lowered the exhaust gas 

temperature of Scanias EuroVI buses, without affecting the back pressure and the mass flow 

velocity too much. The final concepts for the two different installations (D7 and Otto gas) have, 

through the CFD simulations, showed that this has been achieved. The diffuser solutions are 

superior to the other concepts, and the idea to diffuse the exhaust gas in batches works for both 

D7 and Otto gas. 

One of the stated goals was to determine if a solutions needs to be tailor made or if a general 

solution can be designed. The authors are confident that the solution to diffuse the exhaust gas in 

batches is efficient in a great variety of buses and trucks, but the direction of the exhaust gas 

needs to be controlled for every unique case since the surrounding components differs.  

The CFD simulation does not reflect accurate results of reality, making it difficult to determine 

whether the stated goals are achieved or not. The error depends mostly to that the temperature 

specified as the starting temperature for the simulations applies to “after the turbo” and not to 

“after the silencer”, which was used during the simulations. Since the simulations only simulated 

the mass flow after the silencer and no temperature measurements could be found in that part of 

the exhaust pipe, it was decided that this was the best solution. The simulations were instead 

used as a comparable tool to compare the concepts with each other, and through this find a 

“best” solution.  

The simulations showed that the final concepts was superior to the original designs, regarding 

lowering the exhaust temperature. The goal was to reduce the temperature to     at ground and 

at any plane that is a boundary of the bus. Even though none of the generated concepts reached 

these temperatures, the concepts have shown good temperature reducing effects. To investigate 

whether the concepts lowers the temperatures to the stated goal of    at the surfaces, a further 

investigation would be required. By manufacturing a prototype of the final concepts and perform 

field tests the accurate temperature reduction could be determined.  

The simulations showed that the original design together with the generated concepts generated 

very high mass flow velocities for the D7 installation, case 3. The velocities where in some 

situations twice as high as the stated goals of     , even though the exhaust system has been 

approved by Scania regarding its mass flow velocity. This may, as mentioned, depend on that the 

simulations does not reflect an accurate reality. The speed difference between the concepts and 

the original design shows that an increase or a decrease of the mass flow speed occurs, but the 

disparity does not reflect reliable values. So instead of comparing the results to the stated goals, 

one should compare the results to the original design. In this matter, the final concepts has 

almost the same velocities as the original design. 

From the beginning of the project it was decided that the evaluation of the concepts would be 

supported through CFD simulations, which has been a simple way to compare and analyze the 

different concept with each other. Unfortunately, the simulations took much more time to 

perform than first expected and, because of this, also limited the investigation to a specific 
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number of concepts with a limited number of simulation cases. The time required has to do with 

Scanias work priorities and computer failures that occurred during the simulations.  

A desire had been to examine a greater variety of designs of the concepts, which also was the 

idea from the beginning. But the initial concepts that were sent for analysis was later on forced to 

be reduced, due to cost and time. The final concepts can, through this, only show that they own 

better cooling effects compared to the original designs. The designs could probably be optimized 

to perform even better.  

If a customer requests (or new laws or legislation demands) a bus with low temperatures at the 

outlet a diffuser solution wouldn’t be of interest. In that case, the concepts that utilized injection 

of ambient air into the exhaust pipe could be considered to be the best solution, even though they 

contribute to increased fuel consumption and are space consuming.  

When looking at the future, Scania has already started to prepare for EuroVII. Scania has 

estimated that EuroVII most likely will priority new requirements for the   𝑥 levels as well as 

for the   2 level [27]. Since the emissions of particular matter nearly are negligible with today’s 

purification system it is unlikely that new requirements will be stated regarding particular matter. 

In the future Scania wants to take advantage of the thermal energy that the exhaust gases contain. 

It is estimated that approximately 40% of the energy is released to the surroundings through the 

exhaust gases. Making use of this energy is a major challenge that will benefit Scania as a 

company, since it will result in better fuel efficiency. Some of the concepts that were generated, 

but not further developed, could maybe be of interest in the future to such a solution (heat 

exchanger, flue gas cooler). 

The authors are overall very pleased with the project and its result. However, some miss 

communications between Scania and the simulation company FS dynamic, and between 

employees at FS dynamics has affected the project negatively. The simulations for the enlarged 

concept was never performed and the results got seriously delayed which resulted in that the 

project proceeded slowly in certain periods.   
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7  RECOMMENDATIONS AND FUTURE WORK 

This chapter presents a continuation recommendation of the project, of how Scania will continue 

the work to find a solution that solves their temperature problems. A brief description of what is 

to come is presented. 

 

 

7.1. Continuation recommendations 

The authors recommends Scania to proceed with field tests of the proposed concepts. The 

concepts are considered to be simple to manufacture in a workshop, and the price of the 

prototypes should be low.  

Since the prototypes results in a small weight gain, it is advised to ensure that the suspension is 

strong enough for the additional weight. If the prototypes show good results in the field tests, 

Scania should proceed with strength and fatigue tests to analyze this. The exhaust pipes 

shouldn’t be subjected to any external forces and would probably be tested in a vibration rig.  

Scania should also investigate how much it would cost to install bigger pipes in their exhaust 

systems. Bigger pipes is more expensive, but they generate lower mass flow velocity and back 

pressure which would reduce the fuel consumption. If a bus is dimensioned to run 1000000 

kilometers, the money invested in bigger pipes could perhaps be saved by lower fuel 

consumption. And money saved means profit for Scanias customers, and for Scania.  

If new legislation or requirements from ACEA states that the outlet temperatures needs to be 

decreased, the diffuser solutions will be of no value. To be well prepared for such a scenario, 

Scania should start an investigation on how to optimize a venturi for the purpose of creating an 

inflow of ambient air to mix with, and lower the temperature of, the exhaust gas. If this proves to 

be insufficient, the concepts presented in this report that used inflow of ambient air generated by 

a fan could be of interest.  
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APPENDIX 

Appendix 1. Photos from the International Motor Show in 
Hannover 2012 

 

The following pictures were taken at the International Motor Show in Hannover 2012. When this 

report was written, Scania had no knowledge if these solutions were in production. 

 

Exhaust outlet for Mercedes Citaro 

 

Exhaust outlet for Mercedes Setra ComfortClass 500 
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Appendix 2. Results from the CFD simulations – D7 

Case 1 – 800rpm, 20% load 
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Case 2 – 800rpm, 100% load 
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Case 3 – 2200rpm, 100% load 
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Case 4 – Regeneration 
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Appendix 3. Results from the CFD simulations – Otto gas 

Case 1 – 800rpm, 20% load 
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Case 2 – 800rpm, 100% load 
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Case 3 – 2000rpm, 100% load 
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Appendix 4. Results from the CFD simulations – Competitor 
analysis 

Case 1 – 800rpm, 20% load 
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Case 2 – 800rpm, 100% load 
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Case 3 – 2200rpm, 100% load 
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Case 4 – Regeneration 

 

 

 


