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Abstract 
 

The internal combustion engine requires clean air in order to operate without problems the 

entire service life. The air filter acts as a barrier between the ambient air ridden with 

particulate matter, and the sensitive interior of the engine. Several factors affect the air filter 

performance, such as pressure drop, efficiency, and dust holding capacity. Many external 

factors affect the air filter too, such as driving style, engine type, if the car is equipped with 

hybrid propulsion et cetera.  

The scope for this thesis work aims to extend the knowledge of air filtration for the customer, 

in this case, Volvo Cars. A comprehensive literature study along with benchmarking of 

competitors acts as a foundational approach. Regarding air filter service life, three parameters 

are identified as the most significant: dust holding capacity, efficiency and pressure drop over 

the filter element. 

Reverse engineering shows some competitor design decisions. A model of estimating air 

consumption is developed using a data-driven approach with real-world driving data as a 

basis. The model shows how much the actual air consumption varies between different 

markets and various engines. As a result, the service lifetime of air filters in certain cars with 

certain engines may be extended or allow for a smaller filter size for the same service 

lifetime. 
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Sammanfattning 
 

Förbränningsmotorn i dagens bilar kräver ren luft för att fungera problemfritt hela motorns 

livslängd. Luftfiltret fungerar som en barriär mellan den partikelfyllda omgivningsluften och 

den rena och känsliga insidan av motorn. Många faktorer påverkar luftfiltret och behöver 

beaktas vid utformning av luftfiltret. Tillåtet tryckfall (Pressure drop), reningseffektivitet 

(Efficiency) och dammkapacitet (Dust holding capacity) är några faktorer som påverkar 

livslängden av filterelementet. Utöver det spelar många andra faktorer in på livslängden på 

luftfiltret, körstil, motortyp och faktorer som hybridisering till exempel.  

Målet för detta examensarbete är att undersöka hur dessa faktorer påverkar livslängden av 

luftfiltret, för fortsatt produktutveckling av uppdragsgivaren Volvo Cars. En omfattande 

litteraturstudie tillsammans med Benchmarking av konkurrentfilter utgör grunden för arbetet. 

Utöver det användes en datadriven produktutvecklingsmetod för att analysera hur bilarna 

körs i praktiken. En modell för att beräkna ackumulerad luftförbrukning togs fram baserad på 

verklig kördata. 

Modellen visar hur mycket den faktiska luftförbrukningen skiljer mellan olika marknader och 

olika motorer. Detta leder till att det finns en möjlighet att differentiera kraven med ett utökat 

bytesintervall eller ett mindre filterelement för samma bytesintervall. Andra faktorer spelar in 

dock, exempelvis de övriga serviceåtgärder som sker vid servicetillfället.  
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Abbreviations  
 

AIS – Air induction system  

ICE – Internal combustion engine  

DHC - Dust holding capacity 

HEPA - High-Efficiency Particulate Air (-filter) 

AMM – Air mass meter  

NVH – Noise, vibration & harshness  

ISO – International Organization for Standardization (From the Greek word Isos, meaning 

equal) 

SAE – Society of Automotive Engineers 

DP – Differential pressure 

RPM – Revolutions per minute 

MPPS – Most penetrating particle size 

PUR – Polyurethane (-rubber) 

ECU – Engine control unit  

PHEV – Plug-in hybrid electric vehicle  
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1 Introduction 
 

This report is written by Petter Malmborg, as a thesis work for a degree of Bachelor of 

Science in Innovation- and Design engineering. The thesis work was conducted during the 

first half of 2019 in Göteborg, Sweden. The project is a collaboration between Karlstad 

University and Volvo cars. The work was supervised by Henrik Nyberg of Volvo Cars, along 

with Lennart Wihk acting as academic supervisor. 

 

1.1 Background 
 

Volvo Cars is a premium car manufacturer with a global presence, with over 43000 people 

employed globally, and with a record-breaking sale of 642 000 cars in 2018. The production 

is spread out over the world with production plants in Göteborg (Sweden), Gent (Belgium), 

Chengdu & Daqing, China, and South Carolina, USA. The product range consists of three 

segments, SUV (XC90, XC60, XC40), Estate (V60, V90) and Sedan (S90, S60).  

 

 

 
Fig 1. Volvo S60 Polestar engineered, 2019 (Used with permission from Volvo Cars) 

 

The cars are, as of 2018, based on two platforms; the Scalable Product Architecture platform 

(SPA) and the Compact modular architecture (CMA). The cars are all powered by the VEA-

engine (Volvo Engine Architecture), fuelled by diesel or petrol. As of later years, 

hybridization has come into place and is now being offered on most engines.  

This thesis work has been performed on the AIS-department (Air Induction system), a part of 

the Product creation and Quality organization (former Research & Development). The AIS 

department is responsible for delivering clean air to the highly efficient combustion engines 
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of today. The clean air has to be delivered with a pressure loss as low as possible while 

maintaining the size restrictions of the densely packed engine bay.   

The AIS department is responsible for developing new concepts of supplying clean air to the 

internal combustion engine for future models. Working in all phases of product development, 

from early research and concept development to production, solutions have to be delivered 

while keeping the time to market at its shortest, while at the same time keeping the cost as 

low as possible.     

The air filter element acts as the barrier between the outside air, filled with contaminants, and 

the clean side of the air induction system.  

The air filter removes solid particulates such as dust and soot from the intake air, prolonging 

engine life and lowering emissions. The clean air has to be delivered with a pressure drop as 

low as possible, while the particle removing efficiency is sufficient.  

Ever-evolving requirements, new technologies and demands are constantly challenging the 

AIS-department to deliver the desired quality. In order to be able to provide long-term quality 

at an optimized cost and size, every aspect of the design process has to be carefully 

considered. All design decisions have to be well substantiated.  

 

1.2 Problem description 
 

Indications show that the SPA-filter is being changed prematurely, before reaching the final 

dust holding capacity. This can be seen as a waste of material and resources when disposing 

of the air filter element before its real end-of-life. This can also be seen as a waste of space in 

the highly packed engine compartment. 

 

Today, most of the knowledge of the air filter element lies in the hands of the subcontractors. 

To be able to maintain the position of a premium brand, the design decisions has to be well 

optimized. What parameters affect the air filter element concerning size and service life? And 

how do the different running conditions, like hybridization affect the service life? 

 

1.3 Research questions 
 

This thesis will attempt to answer the following research questions: 

 

• Which parameters affect the functionality and lifespan of the filter element? 

 

• How do the different running conditions affect the air filter service life? 

 

• How can the demands of different engines using the same filter be differentiated for 

improved sustainability?  
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1.4 Purpose 
The purpose of this thesis work is to bring deeper knowledge to the AIS department of the 

different parameters that affect the functionality of the air filter, and know-how about the 

different test methods for measuring filter performance. The result of this thesis will be as a 

support for decisions in further product development. 

From an academic point of view, the purpose is to apply acquired knowledge within 

industrial design and product development in a real case. As a side note, this project serves as 

a practice of the academic field including academic writing and opposition. 

  

1.5 Thesis goal   
This thesis aims to analyze and better understand how the different running conditions affect 

the air filter service lifetime. The goal is to answer how hybridization affects air filter wear, 

and the difference in the actual service life of the varieties of engines in the same family, 

using the same filter. The results will be presented as a new design guideline and as 

recommendations for further product development.  

 

1.6 Delimitations 
The emphasis of this thesis work will be on the filter size vs filter service life; therefore, the 

filter box and shape of filter will not be considered in this project. Due to differences in the 

various car platforms, the focus will be on the SPA-platform and conclusions about the 

CMA-platform cars will only be for reference and comparison.  

No filter media characteristics will be handled, such as how the gradient in filter media affect 

the DHC and pressure drop.  

This thesis work aims to broaden the underlying knowledge of the air filter element and 

cleaning mechanisms, therefore no concept on how to supply the engine with clean air will be 

considered.  
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2 Theoretical frame of reference 
 

The theoretical frame of reference and the results of a comprehensive literature study is 

presented in this chapter. 

 

2.1 Why the need for clean air? 
 

The main function of air filters for internal combustion engines is to remove contaminants 

from the outside air that can cause engine wear. The air filter removes solid particulates such 

as dust, soot et cetera from the intake air, prolonging engine life and allowing emissions to be 

kept at a minimum [1]. 

“Engine air inlet is the major source of harmful contaminants” [2] 

There are numerous ways of filtering air from the outside contaminants, thus prolonging the 

engine service life, which will be further discussed in this chapter. 

The highly efficient and complex internal combustion engines of today are designed with 

small clearance gaps in bearings et cetera, which makes them sensitive for contamination by 

abrasive particles. The engine wear can be characterized by the gradual removal of 

component material from the original system. This can lead to performance loss, increased 

exhaust emissions, higher maintenance and operation cost or premature failure of the engine 

[1].  

Neville Bugli argues that “the key function of a good AIF (Air Induction filter) is to provide 

optimum protection from abrasive contaminants” and that engineers shall focus on the overall 

filtration system regarding engine wear, including fuel and oil filters [2]. 

The air induction filter and the engine oil filter are closely related, according to Barris, since 

particles passing through the air induction filter eventually end up in the engine oil system. 

Unless the particles are caught by any of the filters the rate of wear of the engine is increased 

[3]. 

 

2.2 Tribology 
 

Tribology is the science of friction and wear, and lubrication of the interacting surfaces. 

According to Stachowiak & Batchelor, the majority of machine break downs are associated 

with moving parts such as bearings, gears, couplings et cetera and the underlying reasons are 

related to the lack of proper lubrication [4]. A study by  Holmberg et al, “Influence of 

tribology, costs, and emissions”, shows that 23% of the global energy consumption originates 

from tribological contacts, of which 20% relates to the energy required to overcome friction 

and the other 3% to remanufacture or replace the worn parts [5].  
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There are several types of wear mechanisms; abrasive wear, erosive wear, corrosive wear et 

cetera. When studying the internal combustion engine, abrasive wear is the most common, 

directly related to the induced amount of dust that permeates the air filter [3]. 

Abrasive wear occurs when two surfaces are in contact, without the protection of the 

lubrication oil. Either surface to surface contact or with abrasive particles in between. The 

worn-down surfaces in bearings et cetera increase the friction, thus reducing the engine life, 

increase fuel and lubrication oil consumption and increase emissions [3].  

 

2.3 Filtration technology 
 

Air cleaners for the internal combustion engine have been around for decades. From the 

1920’s with simple oil bath cleaners and the introduction of pleated paper filter media in the 

1950’s [6]. A lot has happened since, but the essential mechanisms are still the same. Today, 

air filter media usually are made from treated paper that is folded into pleats to increase the 

surface area. Filter made of non-woven material is also quite common.  

 

 

Figure 2: Increase of differential pressure as a function of dust load over time [7]. 

Figure 2, showing the typical service life of an air filter element, with the end of life at t1 

where the accumulated dust results in a pressure drop equal to the specified limit [7].  
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2.4 Main filter parameters  
 

Efficiency 

Efficiency is, when analysing air cleaner performance, the number of particles that are 

filtered by the air filter element. The efficiency varies over the service lifetime and generally 

is lower when considering the initial efficiency. Due to the different particle separation 

methods, the efficiency increases during the lifetime of the filter. Because of this 

phenomenon, air filter requirements are usually specified with an initial efficiency, along 

with a final efficiency. Efficiency is generally measured as the number of absorbed particles 

compared to the number of particles in the induced air. According to Neville Bugli, the 

period of initial efficiency usually last 5-15% of the air filter service life [8]. 

According to ISO 5011, the initial efficiency is determined after the addition of 20 g of 

contaminant or the number of grams numerically equivalent to 6 times the airflow in cubic 

meters per minute, whichever is greater [14]. M. Barris argues instead that initial efficiency is 

defined as a dust loading level of 10,8 g/m2 filter area [3]. 

An important factor for reaching the desired efficiency is the face velocity, which is the 

velocity the fluid has through the filter element. Depending on filter material there is a critical 

face velocity that has to be kept. If the face velocity is too high or low particulate matter may 

pass through the filter since the filter mechanisms require a specific velocity interval to 

function.  

To estimate the filter efficiency the following equation is used [9]. 

𝑒 = 100 (
𝑀𝑢 − 𝑀𝑑

𝑀𝑢
)                      (1) 

 

e = filtration efficiency [%] 

Mu = upstream quantity of contaminant 

Md = downstream quantity of contaminant 

 

Penetration quantity 

𝑒 = 100 (
𝑀𝑑

𝑀𝑢
)                                   (2) 

 

 

Differential pressure drop 

 

The differential pressure drop is by definition the difference in pressure before and after the 

air filter element. Because of the influence on engine power, especially at high power outputs 

when the demand for air is high, a pressure drop as low as possible is preferred. A high 

pressure drop yields loss of power, especially under heavy load and in high RPM. At Volvo 
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Cars the whole air induction system is considered when dimensioning. Thus, when all the 

components are added, the accumulated pressure drop can make a significant difference in 

engine performance. The pressure drop is usually measured in kPa, although some prefer 

using Bar instead. 

 

Dust holding capacity 

 

Dust holding capacity is the amount of dust a filter element can carry. It is an important 

metric when dimensioning the service life of the air filter element. The main affecting factor 

is the type of filter element material. There are numerous different filter materials, each with 

their special properties. The different types of filter elements will be further discussed in the 

section “Filter elements”. The dust holding capacity is generally measured in grams.  

 

2.5 Particles 
 

The ambient air that surrounds us and also provides the oxygen for the internal combustion 

engine is filled with particulate matter in different concentrations. Particles suspended in the 

air can consist of mineral dust, organic material, soot from incomplete combustion et cetera. 

Figure 3 shows some common airborne particulate and their respective size.  

 

 

Fig 3, Particle size of some common airborne particulate [10]. 

 

Particles can be round or angular, flat or cuboid in shape and with rough or smooth surfaces. 

The particles are usually described by their size but other factors like particle hardness versus 

component hardness have to be considered, since a harder particle is more abrasive for engine 

bearings et cetera. 
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 According to Jaroszczyk et al, the particle size and hardness is a big aspect when studying 

the engine frictional wear process [1]. Besides particle size and hardness, shape and 

roughness are also important factors that influence the amount of abrasion. Particles in the 

range between 1 – 25 µm are considered the most damaging for bearings and clearance gaps. 

Particles smaller than 1 µm may also contribute to engine wear but are more harmful to the 

air mass meter [1]. 

 

According to Bugli et al, the ambient air has a particle content of between 0,2 to 50 µg/m3 

[8]. The particulate matter varies greatly though, both on a global and a local level. Some 

regions are considered “dirty markets”. Figure 4 is an estimation of average particle 

concentration of particles <2,5µm [11]. 

  

 

Fig 4. NASA/Dalhousie University, Aaron van Donkelaar [11]. 

 

Depending on particle size, the abrasive characteristic varies, according to Jaroszczysk et al 

[1], as shown in table 1. As the table shows, particles between 5-10µm yields far more wear 

on piston rings of the studied engine than the smaller of larger particles.  

Table 1; Ratio of final to baseline wear rate  

for a piston ring of a 250HP diesel engine [1] 

Dust particle size [µm] 0 - 5 5 - 10 10 - 20 

Wear ratio 50 230 120 
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2.6 Mechanisms of particle separation  
According to I.M. Hutten, there are four different filtration mechanisms, that are important to 

understand when studying the filtration process [12]. The following filtration mechanisms are 

listed below; 

Surface straining 

Surface straining, when a particle is larger than the pores of the mesh and simply cannot pass 

through, similar to a sieve. The mesh with the uniform pore openings allows for the passage 

of smaller particles. Surface straining is common in woven mesh fabrics, screens, and 

membrane materials. 

Depth straining 

Depth straining applies to materials that are relatively thick but is generally the same 

principle, as surface straining, except the particle get stuck deeper in the filter medium. This 

generally concerns thicker materials where the pore diameter is decreasing deeper in the 

filter.  

Cake filtration  

Cake filtration is the principle of separating particles with the use of an accumulated dust 

cake on the dirty side of the filter. The build-up of particles collected on the outside of the 

filter help participate in the filtration process by collecting other particles. Filters using the 

cake filtration principle is easily cleaned through a reversed airflow. Cake filtration is 

particularly useful when the collected particles are of use, because of the ease of collection.  

Depth filtration 

For the case of engine air filtration, the most common particle separation mechanism is by 

depth filtration, as it is the most economical approach when the particle concentration is 

relatively low compared to the filtered fluid [7].  

Depth filtration allows for the filtration of particles smaller than the diameter in the pore 

structure of the filter element, using the separation methods mentioned below: 

 

Inertial impaction: When the inertia of a particle is so high that the particle has enough 

momentum making it possible to break away from the streamline surrounding the filter fiber. 

A lighter particle with lower inertia will instead just follow the streamline [12]. 

Interception: Particles that have low inertia will follow the streamline around the filter fiber, 

and when the particle is close enough to the fiber it will cling on to it [12]. 

Diffusion: Very small particles (<0,5µm) will cling to the fiber due to its Brownian 

movement, a zig-zag motion making the particle break loose from the streamline around the 

fiber and collide with the fiber [12]. 

Electrostatic attraction: Fibers that are electrostatically charged attracts particles and make 

them cling to the fiber [12]. 
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MPPS, most penetrating particle size 

 

MPPS, (most penetrating particle size), is a term for defining the particle size that is the most 

difficult to capture. This usually occurs in the range between particles that are captured by 

interception and diffusion. At this gap, for this certain size, the efficiency can drop as low as 

below 85% [12]. A typical graph over MPPS is shown in figure 5. 

According to I.M. Hutten, the most penetrating particle size is dependent on the face velocity 

on the filter element, meaning that a higher velocity will yield a MPPS at a smaller size [12]. 

 
Fig 5, Example of MPPS [12]. 

 

2.7 Standard testing procedures 
To be able to compare air filter performance there are a few standardized test methods that 

allow replicable and comparable laboratory results.  

 

ISO 5011 
 
ISO 5011 is a standardized method of estimating air cleaner gravimetric performance. This 

method surpasses the old SAE J726 air cleaner test code. The tests are performed in a 

controlled environment where test procedures, ambient conditions, testing equipment et 

cetera are thoroughly specified. Due to the controlled environment, the tests are comparable, 

e.g. a test performed in Sweden may be compared to a similar test somewhere else in the 

world.  

The test is performed mainly on three parameters, flow restriction/differential pressure, 

cleaning efficiency and dust holding capacity.  

The test filter element is placed in the test rig, dust is induced in the dust injector which is 

then blown towards the filter element. Downstream of the test filter there is an absolute filter, 

along with an airflow meter, airflow controller and an exhauster. The pressure is measured 
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before and after the filter element, which gives the differential pressure (or pressure drop). At 

a specified allowed pressure drop the test is terminated. The filter element is then weighed 

which gives the dust holding capacity. The absolute filter is also weighed to calculate filter 

efficiency [9]. 

To allow for reliable and comparable results, the ambient air temperature has to be within a 

range of 23°C ± 5°C. The testing procedure also calls for a relative humidity of 55% ±15%, 

and a during a specific test a variation of just ±2%, because a small difference in humidity 

can yield a mass difference of the filter paper of several grams [9]. 

 

ISO/TS 19713 
ISO/TS 19713 (technical standard) is a method of measuring the fractional efficiency of a 

filter element. It is based on the ISO 5011 set up but is a more advanced and refined way of 

testing. The intake air is filtered by a HEPA-filter (High-Efficiency Particulate Air-filter). 

Particle counters are then used both upstream and downstream of the filter element. The 

purpose is to be able to determine the accumulated amount and size of the penetrating 

particles rather than the combined mass of penetrating particles [13]. 

According to Jaroszczyk, fractional efficiency testing can give valuable information on 

particle permeation, especially in the early stages of filtration regarding the initial efficiency, 

and in the latter stages of filtration where the final efficiency is reached [1]. 

 

Test Dust 
To be able to have replicable results, a specific technical standard of test dusts has been 

developed, ISO 12103-1. It consists of four different sized test dusts; ultrafine, fine, medium 

and coarse. The test dusts are composed of desert sand from Arizona and are specifically used 

to study wear on bearings, seals et cetera. The main chemical component, with a mass 

fraction of 68-76% is Silicon dioxide, (SiO2), and aluminium oxide (Al2O3) with a mass 

fraction of 10-15% [17]. The remaining part consists of other oxides. The second part of ISO 

12103, ISO 12103-2 is a test dust mainly composed of aluminium oxide and aimed at testing 

fuel and lubrication oil filters. Different car manufacturers’ use different kinds of test dust, 

but according to Bugli, et al, ISO-12103-A2 (ISO Fine) corresponds best with the dust that is 

induced in the air intake system of a combustion engine [8]. Figure 6 shows the particle size 

distribution, where ISO fine has a higher concentration of smaller particles around 3-5 µm 

making the bearings in the turbocharger particularly sensitive [15].  
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Fig. 6, Particle size vs amount [14]. 
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3 Problem analysis 
 

 

The air filter element is a vital part of the engine and a small subsystem in an advanced and 

complex product. Many external factors affect the air filter element, such as the varying dust 

average in the ambient air and extreme climates that the air filter element has to cope with.    

 

 

Problem decomposition 
 

The problem with air filter elements being changed prematurely before reaching the final dust 

holding capacity is widespread [8]. The main factors that affect the design lifetime is the dust 

holding capacity versus differential pressure drop. As of today, most of the knowledge lies in 

the hands of the subcontractors that manufacture the air filters. A study shows that some car 

manufacturers specify both DHC and allowed differential pressure rise, and some car 

manufacturers specify only the differential pressure rise before a change is due.  

 

• What requirements are relevant? 

 

• Which metrics should be set? 

 

• How -> and what number/amount/value? 

 

Due to the mechanics of filtration, the air filter service life can be divided into three parts, the 

initial phase where the efficiency is low, the main phase where dust is accumulated in the 

filter and the efficiency has reached final specification. Toward the end of life phase, the 

differential pressure will rise due to the accumulated amount of dust in the filter element. At 

this point, emissions increase and the performance decrease.  

 

One other issue is the difference between laboratory conditions and real-world conditions. 

Different concentrations of dust and driving conditions ranging from snowstorms to smog-

filled cities to desert storms and monsoon rains. The air filter element must endure all these 

elements and allow for a long service life concerning dust holding capacity. All these 

unknown factors make the design process complicated and a trade-off where the chosen 

solution always is a compromise.  
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The problem can be divided into two parts; 

 

• Establish the basic requirements, all the basic functions that the air filter has to fulfil. 

 

• Estimate the service lifetime requirements in form of dust holding capacity and 

differential pressure rise per time/mileage/another metric. 

 

Due to the densely packed engine compartments of the cars of today, space is of high value. 

The downsizing of cars has led to smaller and more effective engines, making every design 

decision to be well rooted and optimized. The engine air filter box account for a big part of 

the engine compartment, and ever-evolving requirements. 

 

The customer in this case, for this project, can be seen both as the AIS department, and the 

car owner. Each with different goals and needs. In the eyes of the AIS department, factors 

like size, space and cost are essential. In the eyes of the car owner, a quality-filled, hassle-free 

car experience with minimal maintenance. 

 

Proper requirements allow for a more effective material use, for better sustainability and a 

better cost-efficiency. Another benefit is the possibility to extend the service interval or 

decrease the filter size.  
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4 Method & implementation  
 

The methodological approach to the stated problem will be described in this chapter. 

 

4.1 Project setting  
 

The basis of this thesis work was conducted at Volvo Cars in Torslanda, Göteborg during the 

first half of 2019. The project was based on-site for easy access to Volvo car corporation 

systems and key personnel. Due to the closeness to the supervisor and other people in the AIS 

department, the feedback was swift. 

 

 

Figure 7, Project flow chart. 

As figure 7 shows, the project structure consists of three main parts. Acquire the theoretical 

skills concerning air filtration and identify the parameters that affect the air filter service life. 

Secondly, with the help of benchmarking, data analysis and function analysis, identify which 

values the metrics should have. Thirdly, combine the identified filter parameter metrics with 

the values, and give recommendations for further product development. 

A function analysis was made to identify all the functions the filter element has to fulfil. To 

establish the metric following the function, such as what dust holding capacity or efficiency 

is relevant, a general product development approach was used. The product development 

approach was supported by benchmarking and data analysis to acquire the metrics.  

 

3 - Result

Filter parameter metrics with values

2 - Method

Benchmarking Data Analysis Function analysis

1 - Theory

Main filter parameters Air cleaning principles
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Because of the scope of the project, a comprehensive literature study of air filters and 

filtration technology were conducted. This came to be the backbone of the thesis, and the 

outcome is reported in the second chapter. Several research libraries were used, such as SAE 

Mobilus, Science direct, Procedia, IEEE et cetera. Specifications of different test methods 

were acquired from ISO and SAE. Along with that, the relevant literature on the subject was 

studied. 

 

The project follows a generic product development process, with a focus on the early phase 

where the requirements specification is set [16].         

 

 

 
Figure 8, Product development process [16] 

 

 

4.2 Types of product development projects 
 

According to Ulrich & Eppinger, Product development projects can be classified as four 

types [16]: 

 

New product platforms: A type of project that involves great effort to develop a new product 

platform or product family. The product is addressed to markets and product categories that 

are familiar since before. At Volvo Cars, this can be seen in the form of the SPA and CMA 

architecture. 

 

Derivatives of existing product platforms: These projects extend an existing product platform 

to better address different needs. For instance, a car manufacturer like Volvo can make a new 

car using an existing platform, such as the new S60 that is based on the SPA-platform 

 

Incremental improvements of existing products: These projects generally consist of 

modifying existing products, adding new features to keep the product line competitive and 

up-to-date. At Volvo Cars, this can be seen in the form of the different model years of the 

same car.  

Planning
Concept 

development
System level 

design
Detail design

Testing and 
refining

Production 
ramp up

Phase 2 & 3; Identify needs, establish product specifications. 
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Fundamentally new products: A project that involves entirely different products or 

technologies, involving a high risk, on new or unfamiliar markets. An example of this type of 

product development project is the car subscription service CareByVolvo, which allows the 

customer to lease the car, including maintenance, car wash et cetera.  

 

At Volvo cars, product development projects of every type are ongoing, due to the vast size 

of the company and the complexity of the products. The main product of Volvo, the car, can 

be seen as a system that is composed of a myriad of subsystems and components. The 

subsystems and components are developed by different teams working in parallel. The 

development is then followed by system integration and validation.  

 

As a basis for all product development projects, the requirements specification, or product 

specification, is one of the fundamental parts that declares which demands and requirements 

that have to be met [16]. 

 

 
Figure 9, Hierarchical view, car subsystems 

 

Product development is in many ways an iterative process [17], for example, the air filter 

element has been a part of the internal combustion engine in numerous years. The basic 

function still remains the same, to rid the ambient air of contaminants. The requirements are 

evolving though, when a newer generation of engines demand cleaner air at a lower allowed 

pressure drop and longer service intervals. Due to the fast-paced product development of 

today, carry-over designs are common where a part from a previous generation is used in the 

next generation. 

Car

Subsystem

Part

Subsystem

Part

AIS

Air filter

Requirements 
specification
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4.3 Product specification/product requirements 
 

A product specification is generally a list expressing customer needs, showing the 

requirements the product has to fulfil. A product specification allows for a broad approach to 

solving the problems, stating what requirements has to be achieved, but not how to reach 

them.  

 

According to Ulrich and Eppinger, a product specification is ideally established in the early 

development process of a product, as a guide for the development of the product [16].  

It is also a valuable tool for further development of a product, making the designer able to 

easily distinguish demands and desires that the product has to fulfil.  

 

A product specification consists of a metric and a value. The metric describes which function 

that has to be accomplished, and the value, which can be a number, range or inequality, 

describes the threshold to pass the requirement. 

 

Since the air filter element and filter box is both a vital function for the engine and an element 

placed in the car body, the requirements have to consider both the evolving car models and 

the evolving engines. This makes the air filter required to fulfil a lot of demands, both for the 

service life and performance of the engine, but also to be able to fit in the tightly packed 

engine compartment.  

 

4.4 Revising requirements/understanding the air filter mechanisms 
 
Ulrich and Eppinger describe the process of identifying customer needs as a five-step 

process, where the five steps are as follows:  

 

Step 1: Gather data 

Interviews - focus groups - observing the product in use. 

 

Step 2: Interpret the data in form of customer needs 

 

Step 3: Organize the needs into a hierarchy of primary, secondary, tertiary needs, et cetera. 

 



 

  20 

 

Step 4: Establish the relative importance of the needs 

 

Step 5: Reflect on the results and the process. 

 

As mentioned in the second chapter, there are three main factors to consider when designing 

air filter requirements, concerning service life. Efficiency (Initial and final), allowed pressure 

drop and dust holding capacity.  

 

As a part of a complex system, the requirements are in some ways external, from other 

departments. Departments like the different engine departments, charge air department, 

service and aftermarket departments. The different requirements originate from different 

aspects, like the requirement of initial and final efficiency that is dependent on components 

like the air mass meter, turbocharger, clearance gaps and bearing surfaces. The desired 

service lifetime is designated by the service department, in a specified kilometre interval. 

 

To better understand the external requirements, interviews with key personnel in the different 

departments were conducted for their expertise in certain areas. The interviews were made 

using open questions to not lead the interviewee into some predetermined path. At the 

beginning of the thesis project, personnel from the petrol and diesel engine departments were 

interviewed, along with service & maintenance responsible to get a better understanding of 

the external requirements and the factors behind them.  

 

Johannesson et al have a similar approach to establish a product specification. Johannesson 

argues that the goal of the product specification phase is to establish a specification of what 

the result of the product development process will accomplish. For a requirements 

specification, the following criteria should be met [17]: 

 

• The requirements specification should be complete, with attention to all involved 

parties and all the different life cycle phases. 

• The criteria should be formulated independent of the solution and be unambiguous. 

• The criteria should, if possible, be measurable and controllable. 

• The specification should be non-redundant, i.e. every criterion is unique. 

 

The product specification should contain the following information: 

 

• The criteria that are known from the beginning and form a part of the basic 

prerequisites, both explicit and implicit. 
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• The criteria that are found during the analysis and clarification of the stated problem. 

 

• The criteria that are revealed during the development. 

 

To establish a list of all the functions the air filter element has to comply with, a function 

analysis was made. 

  

4.5 Function analysis 
A function analysis is a way of analysing a product to establish a list of all the different 

functions the analysed product has to fulfil. The goal is to specify what has to be 

accomplished, but not how it will be accomplished. This allows for an open approach to the 

stated problem when no solutions are left out. This also makes the purpose appear clearer 

[18].  

 

A function analysis defines the main function of a product, and its secondary functions and 

support functions. The secondary functions have to be fulfilled to fulfil the main function. 

The support functions may not be necessary but might allow for added value when compared 

to competitors. The support functions can in some ways also be seen as customer demands, 

like a certain colour or shape of the product.  

 

Why? Main function 

 

 

How? Subfunction A              Subfunction B              Support function 

Figure 10, Function analysis, schematic view [18].  

 

For this project, a hybrid approach was used with a customized generic product development 

process combined with a function analysis. 

 

4.6 Information gathering 
Since many of the air filter requirements are set externally, interviews with the different 

responsible departments were conducted. The interviews were set up as semi-structured to 

allow for discussions with the interviewee. Because of the different branches of the company, 

different questions were asked, tailored for the expertise of the interviewee.  
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Besides that, formal and informal talks were continuously conducted in the office space and 

the work was progressing in close support of the supervisor and team.  

 

 

Table 2, Interviewees. 

Respondent Title Knowledge area Interview method 

1 Principal engineer Air induction system Face to face 

2 System responsible (Diesel) Engine Face to face 

3 System responsible (Petrol) Engine Email 

4 Function owner Air filter Email 

5 Specialist Air system diagnostics Face to face 

6 Analyst Customer field data Face to face 

7 Head of service analytics Predictive maintenance Telephone 

8 Analyst Big data department Face to face 

 

 

4.7 Main factors to consider 
 
For dimensioning the service life for the air filter, three main factors are to be considered as 

mentioned in chapter 2. 

 

• Differential pressure drop 

 

• Dust holding capacity 

 

• Efficiency (Initial and final) 
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4.8 Establishing the metrics  
 

Differential pressure drop 

Differential pressure drop is an external requirement, directly affecting performance and 

related directly to filter size. Since a certain face velocity over the filter element is crucial, the 

filter cannot be too large or too small. The differential pressure drop can be divided in the 

initial restriction when the filter is new and the final restriction at the specified pressure drop 

when the filter is considered full.  

 

Dust holding capacity 

Dust holding capacity is dependent on both filter material and the total filter area. The size is 

dependent on a lot of parameters; desired service interval, engine air consumption, average 

ambient dust concentration et cetera. The size of the filter must allow for a face velocity at 

maximum airflow that is low enough that particles don’t permeate the air filter into the 

engine. 

 

Efficiency 

As mentioned previously, the efficiency requirement is divided into two parts, the initial 

efficiency requirement when the filter is new, and the overall efficiency when the dust cake 

has formed in the filter element. The cleaning efficiency required is a product of the 

underlying subsystems in the engine that has to be protected from contaminants.  

 

Of all the subsystems related to the engine and AIS, the air mass meter can be considered the 

most sensitive [1]. The air mass meter is easily contaminated when exposed to external 

particulate matter, thus requiring the protection from the air filter. The contaminants make the 

air mass meter to measure with a lower degree of accuracy, eventually causing emissions to 

rise, due to the incorrect air to fuel ratio.  

 

Among the other subsystems, the bearings in the turbocharger are especially sensitive due to 

the very high rpm of the turbine. Other bearing surfaces are also sensitive, where 

contamination leads to lower efficiency, higher fuel consumption and shorter engine lifetime 

[1]. 

 

As a result of these demands, the required efficiency should be set to fulfil the requirements 

of the most sensitive part or subsystem. 

 

4.9 Benchmarking 
  

Benchmarking is a way of comparing and measuring performance metrics of products, 

processes et cetera. The purpose is to get insights into how competitors are doing, improve 
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productivity and lower costs, achieve breakthroughs and innovation, establish performance 

targets et cetera [19]. 

 

During this thesis work, benchmarking was conducted on competitor air filters. This was a 

continuation of previous work done at Volvo Cars. The aim was to draw conclusions on filter 

design and filter size compared to engine size. As a basis for this work, physical filters were 

analysed combined with studies of the benchmarking service a2mac1. 

 

The benchmarking process was aimed at the premium car manufacturers that are seen as the 

main competitors to Volvo Car Corporation. Due to the great number of car manufacturers 

and car models, the benchmark is to be seen as a sample of the car market and not the whole 

picture. 

 

APQC describes the method of benchmarking as a four-step process with the following four  

phases [19]: 

 

 
Figure 11, Benchmarking process [19]. 

 

Phase 1: Plan 

Establish project scope, develop the method of data collection and set requirements. The 

scope was set to complement previous benchmarking done by Volvo Cars and was mainly 

aimed at the premium car manufacturers consider to be the top competitors.  

 

Phase 2: Collect  

Gather data. As a basis for the data collection, the benchmarking service a2mac1 was used 

along with some physical air filters that were studied. a2mac1 is a benchmarking service 

focused on dismantling real cars for analysis, and thoroughly documenting each part with 

photos, measurements et cetera. 

 

Phase 3: Analyse  

Analyse the gathered data to identify performance levels, innovation and the best of practice.  

 

Plan Collect Analyze Adapt
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Phase 4: Adapt  

Draw conclusions and develop a plan for change. 

 

The process of benchmarking was aimed at different functions of the air filter element, and 

which solution that was used. The process can be split into three different areas; 

 

 

• Type of filter paper 

 

• Type of seal 

 

• Size of the filter element 

 

• Surrounding parameters, e.g. the Air mass meter. 

 

4.10 Reverse engineering 
 

Reverse engineering is the process of systematically disassembling a product to gather 

knowledge about the design and the underlying requirements and functions. It is a common 

practice in the automotive industry. Reverse engineering can be aimed at the entire car or at 

different subsystems that the car is composed of [20]. 

 

During this thesis work, components surrounding the engine were studied to find the 

underlying requirements that limit the design of the product.  

 

 

Analysis of filter lifetime calculations 
 

Filter lifetime calculations were analysed. Some filter calculations were provided by 

subcontractors for quotation and some were legacy calculations, developed and previously 

used by Volvo cars. The calculations supplied by the subcontractors were approached as a 

Black Box system where the input and output are known, but the method of calculation is 

unknown. For example, input X yields output Y with the algorithm in the black box.  
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Figure 12, Black box 

 

The filter calculations were analysed and compared.  

 

4.11 Analysis of driving conditions: 
 

The problem of estimating air filter service life can be divided into two parts: 

 

The first part is concerning the ambient conditions. Depending on which part of the world the 

car is driven in it is going to ingest different amounts of particulate matter. The airborne 

contamination is directly related to the specific area the car is driven. The conditions of the 

near vicinity of the car, e.g. if the road is paved or gravel, or if the roadway is wet or dry also 

make a great effect on how much dust that is induced in the air filter element. Satellite data 

combined with sample dust concentrations provided by literature and filter suppliers served 

as a basis of the approach.  

 

The second part is how much air the engine consumes. This is dependent on a lot of factors; 

the type of engine, type of fuel, engine load, engine rpm, and driving behaviour to mention a 

few. To get a good estimation of the current usage of Volvo cars around the world, driving 

data were analysed.  

  

Input
Black 
box

Output
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Data analysis method 

 

Figure 13. Relationship between data, information, and intelligence, or knowledge in this 

case [21].  

 

Figure 13, showing a methodological approach to data analysis with the four phases of data 

analysis. The data is funnelled down the pipe of data analysis, transforming operational data 

to information and then intelligence or knowledge. 

 

Several stereotypical conditions were analysed to get a better understanding of driving 

conditions around the world and to see if there were some trends. Collected data of fleet 

composed of over 130 000 cars worldwide acted as a foundation for the data-driven 

approach.  

 

To calculate the accumulated amount of consumed air by the engine, equation 3 was used 

 

(Fuel consumed / km driven) * air to fuel-ratio = average air consumption / km  (3) 

  

For the above equation to be valid, a constant air-to-fuel-ratio is assumed, and calculations 

using mass flow instead of volumetric flow. Average fuel consumption of the fleet of cars 

was calculated, each sample in the fleet had metadata attached, making it possible to analyse 

data by market, car model and engine.  
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The acquired data was scrutinized for erroneous and corrupt data and then filtered and sorted. 

Obviously unrealistic data was removed from the data set. Some cars had unrealistic mileage, 

unrealistic average fuel consumption or even negative fuel consumption. For example, one 

car had driven 16 000 000 km and another car had an average fuel consumption of over 600 

litres per km according to the data. In total, around 1000 cars were filtered out from the data 

set.  

 

The data was analysed on market differentiation, hybrid usage, and driving conditions. The 

data was approached in two ways: 

 

• Hybrid usage & market differentiation for hybrid vehicles. 

 

• Market differentiation for cars with an internal combustion engine. 
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5 Results & analysis 

 

5.1 Function analysis 
A function analysis showed 44 different functions that could be divided into different 

categories. The main function of the air filter element is to separate particles from the intake 

air ridden with contaminants, thus prolonging the engine service life. Of the secondary 

functions, protect the different engine components, minimize pressure loss, minimize cost 

and maximize service life are some of the more important. The full function analysis is 

attached in appendix A1. 

 

5.2 Benchmarking 
The benchmarking results show that the majority of Japanese car manufacturers use non-

woven filter material. This claim is confirmed by a filter manufacturer, calling non-woven 

filters for “Japanese filters”.  

Of the cars analysed, only one had a device for measuring the differential pressure, thus 

showing the time a change is due. The air filter wear indicator was fitted in a 2015 Ford F250 

Super Duty SRW 4X4 Crew Cab directly in the air filter box on the clean side of the filter. 

That car is borderline between light-duty and heavy-duty trucks. Differential pressure sensors 

are common in heavy-duty applications [6]. 

Some of the studied cars didn't have an air mass meter, instead using an absolute pressure 

sensor in the intake manifold combined with the engine map to supply the engine with the 

correct air to fuel ratio.  

Types of seal: 

Different seals were used, some were using PUR foam and some were using a cylindrical 

connection to the clean side duct with a rubber gasket seal. According to a filter supplier, the 

PUR foam has a lifetime of 4 years and is the limiting factor concerning air filter service life.  

Size of the filter element 

Previous benchmarking work done at Volvo cars shows that the SPA filter is among the 

bigger air filters when compared to the competing brands. A selection of filters was measured 

and compared to the SPA filter as a continuation of previous work done at Volvo Cars. This 

thesis work confirms this claim.   

Surrounding parameters 

Components governed by air cleaner efficiency were studied. The air mass meter, 

turbocharger, and other engine components were scrutinized for cleanliness demands. The 

result shows that the air mass meter is the governing component. The air mass meter in some 

Volvo cars is also found in many competitor cars, such as BMW, Mercedes, and Audi. The 

component is manufactured by Bosch Automotive and has a specific cleanliness demand. A 

crosscheck against filter supplier documents confirm this claim, showing that some 

competitors use the same requirement.  
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5.3 Analysis of driving conditions 
Data of a fleet of over 133 000 cars were analysed. Table 3 shows the database query used. 

 

Table 3: Database query 

Mileage >1000 km 

Platform SPA 

Model year 2017 

Location Worldwide 

 

 

After filtering out corrupt data, unrealistic data, the sample consisted of: 

 

• Cars from 40 countries, emphasis on North America, Europe and Asia 

 

• A total of 132 000 cars with statistically correct data 

 

 

The sampled fleet consisted mostly of Volvo XC90, V90 and S90, with some S90L, and 

V90CC. The analysis of average fuel used was later cross-checked against driving data on 

time spent at different engine rpm and torque outputs.  

The results show the actual average air consumption, thus making it possible to determine the 

accumulated air consumption over the service life of the air filter element. The average fuel 

consumption was analysed with respect to the different cars and engines in the sampled fleet.  

When compared against the specified fuel consumption, the difference between the specified 

and actual fuel consumption was found.  

 

Plug-in Hybrid usage 
 

The difficulty of determining the hybrid usage of a car is dependent on a lot of factors, but 

mainly on how diligent the owner is in charging the car. To get a good approximation of how 

the hybridization is used, the average fuel consumption of 12000 XC90 plug-in hybrid 

vehicles was analysed and differentiated to different markets. The average fuel consumption 

of the cars follows a normal distribution as seen in figure 14. The mean value and standard 

deviation were calculated as well as the 95th percentile for design reference.    
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Figure 14, Average fuel consumption, Histogram 

 

 

Figure 15, Market differentiation. Average fuel consumption as baseline.  

The study shows minor trends, as illustrated in figure 15. Cars driven in Scandinavia show an 

11% lower fuel consumption than average, showing either a higher electric motor usage or a 
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more fuel-efficient driving style thus yielding a lower air consumption. Korea on the other 

hand indicating a lower electric motor usage or a more fuel consuming driving behaviour.  

Using a proprietary Volvo Cars formula for calculating air consumption over the service life 

of the filter indicates that the service life of a filter in a Volvo S90 with a VEP MP engine can 

be increased by 15% and in an XC90 PHEV by 28% using the same filter. This with the 

engine with the highest air consumption as a design reference. 

 

 

5.4 Main filter parameters (that affect the filter service life) 
 

Pressure drop 
The allowed pressure drop before a change is due is a requirement set by the respective 

engine departments. As this is a vital factor for the engine performance this is to remain the 

same, A higher allowed pressure drop would yield longer service life or allow a reduction in 

air filter element size. A high pressure drop is undesirable since a high pressure drop reduce 

the power of the engine. The twin-charged engines of today, with both supercharger and 

turbocharger, are particularly sensitive to pressure drop, since the pressure drops results in 

pumping loss. The pumping loss makes the turbines pump harder for the same mass flow, and 

eventually, the pressure drop will lead to choking.  

 

Efficiency 
As mentioned earlier, the efficiency requirement is directly related to engine service life and 

the interrelated components such as the air mass meter and turbo. During this thesis work, the 

components were analysed and as a result, the efficiency is proposed to be adjusted to the 

specified demand by the most sensitive components.  

 

Dust holding capacity  
The dust holding capacity is related to the desired service interval set by the service 

department, therefore the dust holding capacity has to be sufficient for all air and particulate 

matter that is passing the filter under the specified service interval. The data analysis 

indicates that there are differences between the different markets, depending on driving 

behaviour. This opens up for future deeper and more thorough analysis.  
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6 Discussion 
 

To be able to determine an air filter service life several factors are to be considered, and many 

are dependent on driving style, local ambient conditions, and engine-specific parameters.  

The function analysis approach is a good way of establishing all the basic requirements that 

have to be fulfilled. Since a functional analysis just shows which functions that have to be 

fulfilled by the filter element and not how, it allows for an open approach to the stated 

problem. The automotive air filtration environment is pretty conventional, and most 

manufacturers use standard filters with materials readily available. The solutions for 

providing the engine with clean air is in many ways limited by the tough competition in the 

automotive industry forcing every component of the car to be cost-effective. This can also be 

seen as a limiter for technological advancement.  

The benchmarking done in this thesis work was mainly conducted with the use of the 

benchmarking service a2mac1. This allows for a good and comprehensive overview of the air 

filters used in cars of today but is limited to their sample of cars. In total, some 500 cars were 

in the sample, composed of various models from different manufacturers.   

The most common way of measuring service life of automobile air cleaners is with a fixed 

kilometre interval. This approach minimizes the number of parts for the air induction system 

but will eventually lead to a premature change in most cases. This study shows that there are 

significant differences in consumed air over filter service life when comparing different 

markets. The underlying reason is still unknown but adds another aspect to reflect upon when 

designing guidelines to be able to include all of the average customers.  

 

Instead of having a fixed service interval, another approach is to have an air filter wear 

indicator or pressure drop sensor with a set restriction rise. This is very common in heavy-

duty applications. The main benefit is that the air filter service life is optimized when the 

filter is changed when completely full.  

This approach also reduces the effect of initial efficiency on the engine service life when the 

filter isn’t changed more than required. As mentioned previously, the initial efficiency is 

generally lower and allow a higher particle permeation, thus shortening the engine life.  

One other possible way might be by monitoring the engine ECU for adaptations when using a 

dust-filled filter to the specified differential pressure-rise. This is yet to be tested, and since 

the maximum allowed pressure drop is relatively low it is a big possibility that there are no 

measurable signs of that a change is due. 

Concerning the plug-in hybrid models, there is a big uncertainty around the usage of the 

hybrid drive. Although this study shows that the fuel consumptions follow a normal 

distribution it would be interesting to know if the non-hybrid engines follow the same 

distribution. For example, there can be great differences in charging habits, where a customer 

who’s diligent in charging the car can have a really low usage of the internal combustion 

engine. And on the other hand, a customer that rarely charge the car and rely on the internal 

combustion engine. Driving conditions and driving habits also influence air consumption, but 



 

  34 

 

when measuring the accumulated amount of consumed air those concerns are also covered. 

To be able to know when to change the filter, the way of measuring consumed air might be a 

possible approach for a better and more sustainable material use.  
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7 Conclusion 
 

A case study of air filtration has been performed. The main parameters that affect engine air 

filter service life have been studied. A data-driven method for estimating engine air 

consumption has been developed. The method allows for a precise calculation of air 

consumption over the service interval of the car.  

The result confirms that there are variations in air consumption between the various engines 

on the SPA platform, thus leading to different amounts of accumulated dust over the filter 

service lifetime. 

The hybridization of the cars of today makes estimating the air filter service life difficult. 

With a data-driven approach for calculating the amount of consumed air, it is possible to see 

the actual air consumption for the cars with hybrid drives. The results are to be seen as an 

indicator or a proof of concept but enabling further studies. 

Regarding hybrid vehicles, a recommendation is setting a service interval based on consumed 

fuel instead of a fixed mileage, since there is great variance in how diligent people are 

charging the car.  

This study shows that differentiation in service life interval is possible, or a smaller filter for 

certain engines. This is a trade-off since there is an increased cost in having more types of air 

filters and filter boxes.  

Of the studied parameters, the following recommendations conclude this thesis work:  

 

PRESSURE DROP 

An external requirement from another department, not adjusted due to big effect on engine 

performance and engine characteristics.  

 

EFFICIENCY 

Adjusted to conform with requirements from the air mass meter. Indications from filter 

suppliers suggest competitors using the same demand. Crosschecking against competitor 

analysis shows the same air mass meter being used and confirm the claim. 

  

DUST HOLDING CAPACITY 

Comparison between the different engines shows that a reduction in size is possible for the 

engines with lower air consumption. On the other hand, instead of reducing filter size, an 

increased service interval is possible.  
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8 Future work 
 

This study shows that it is possible to measure accumulated air consumption, and on the path 

towards predictive maintenance this could be the first step. A recommendation is to prepare a 

test car with a filter filled with dust to the specified DP-rise and then look for adaptations in 

the engine ECU.  

For a more sustainable material use, investigate the possibilities of converting service scheme 

for hybrid vehicles to consumed fuel instead of driven kilometres. This might be possible to 

interlink with oil service and other things related to wear on the internal combustion engine.  

For coming generations this study shows that it is technically possible to start a monitor to 

measure air consumed by the internal combustion engine, using the air mass meter.  

To be able to use every air filter to the fullest, investigate the possibility of implementing a 

pressure drop indicator that measures when the defined pressure drop is achieved.  
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Appendices 
 

A1 Function analysis 
 

Function analysis  
Air filter element  

Clean air 

protect air mass meter 

protect engine 

remove contaminants, dust 

remove snow 

Resist fuel 

Resist moisture 

Resist  ignition 

Resist  vacuum 

Resist  snow packing 

collect dust/contaminants 

resist  engine oil 

resist  water 

seal against ambient conditions 

prolong engine life 

increase durability 

reduce  oil contamination 

reduce  blow-by conditions 

increase lube oil service interval 

reduce  engine overheating 

smooth engine performance 

Allow for easy replacement 

minimize cost 

minimize size 

minimize package space 

minimize turbulence 

minimize weight 



 

  II 

 

minimize environmental impact 

obstruct will fitting 

allow for high flow rates 

allow for high face velocity 

improve durability 

improve AMM performance 

resist  high temperatures 

identify model 

identify  brand 

identify  serial number 
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