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ABSTRACT

The internal combustion engine requires clean air in order to operate without problems
during the entire service life. This is why air filter in the air intake system is needed to act
as a barrier between the ambient air ridden with particulate matter, that can penetrate into
sensitive interior parts of the engine. If any kind of contaminants reached the engine
cylinders, rings or bearings it will cause abrasive wear to the engine

The scope of this thesis is to analyze the measurements of the filter element lifetime.
Several factors affect air filter performance and lifetime, such as pressure drop, efficiency,
and dust holding capacity. Other external factors can affect the filter element lifetime as
well. For example, engine type and environmental conditions. The primary trapping
mechanisms for particles capture include the Brownian diffusion, interception, and inertial
impaction

The output of this work is based on experimental data gathered from the laboratory.

KEYWORDS: Air Intake System (AIS), initial/final restriction, dust holding capacity,
pressure drop, clogging
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1. Introduction
1.1 Background about Air filters

Performance of any automotive engine mainly depends on engine technology and filter
system used. Automotive filter business is however mainly concerned with air filters, oil
filters, fuel filters and cabin filters. The performance of an automobile is bolstered signifi-
cantly by the presence of high-performance filter media in the engine compartment and in
various other locations. The purpose of filter is to control contamination through achieving
a balance between the sources of contamination and the ability of a system to tolerate
contamination. The ultimate goal is to balance filtration performance with the desired
cleanliness level.

Interestingly, during the first stage of car production, no air filters were inspected in the
engine. However, within the development of the automotive industry, engineers quickly
realized that debris was getting inside the engines, therefore hurting performance and
shortening engine life. Early on, the first solution was a water bath to trap particles, which
led to a second attempt of an oil bath, thicker and stickier, to trap more impurities. Lastly,
car's air filters nowadays are usually made of cellulose paper or synthetic felt media.

First of all, the performance of air filters is critical to the efficient operation for car engines.
While air filters do an adequate job of filtering dirt and other particles from entering the
engine. However, they are not 100% efficient. This is why, over time, the engine's perfor-
mance goes down and needs to be repaired or replaced. Air filters can reach an efficiency
for up to 99% preventing dust particles from entering the engine. However, over a long
period of time, dirt and other particles accumulate, clogging and blocking the air filter pas-
sages [8].

For the vast majority of passenger cars, the engine air cleaners with air filters should be
replaced about every 48,000-72,000 miles for light/medium duty, depending on the driving
conditions [2]. If the vehicle is used regularly on unpaved roads where it is frequently
experiencing dusty conditions, it should be changed more often; otherwise when the air
filter becomes dirty, the engine is forced to work harder resulting in decreased fuel
economy, higher emissions, and even loss of engine power.

In order to make an appropriate filter selection, the influential parameters affecting the
filter element lifetime must be evaluated first. The assessment of air filter performance is
complex and influenced by several parameters. For example, face velocity, filter medium
properties, dust types and their loading conditions. The performance characteristics under
study in this paper are the pressure drop, efficiency and dust holding capacity.
Discussions in this work have been limited to passenger cars engine air filters.
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1.2 Objective

The main objective of this work is to analyze the measurements of filter element lifetime
and specifying the parameters affecting the filter element lifetime.

The specific objectives of the thesis include:

e Determining the performance characteristics of air filters in car engines.

e Determining the parameters affecting the filter element lifetime.

e Conducting a practical part by gathering experimental data from laboratory &
comparing the new and used filters in respect with the pressure drop and airflow.

1.3 Aim of the study

The aim of this work is to analyze the measurements of filter element lifetime and to create
a hypothesis explaining the measurement records. In the frame of this work will be carried
out research focused on parameters affecting the filter element lifetime.

The output will be a hypothesis explaining the results of measurement analysis. Real data
for filter element is provided for this work.

2. Literature Review

This chapter presents a review of literature on the principles behind how dust particles are
removed in the air filters. followed by a brief study on the engine air intake system and
pressure losses in the manifold.

2.1 Filtration and Separation Mechanism

In the realm of air filtration, the specific developments are most likely too numerous to list
in their entirety. Below in this section the reader is presented with an overview of various
approaches to air filtration, and their distinctive characteristics are briefly outlined as
follow.

2.1.1 Surface Filtration

The predominant capture mechanism for surface filters can be thought of as an advanced

sieving mechanism, as surface filters capture any particle that is too large to pass through

the pore structure. When a patrticle is larger than the pores of the mesh and simply cannot

pass through. The mesh with the uniform pore openings allows for the passage of smaller

particles [18] as shown schematically in Figurel. However, as contaminant is loaded onto
12



the surface of the filtration medium, the pressure loss through the filter system increases
much more rapidly with surface filters as opposed to depth filtration media. This forms one
of the most significant limitations of surface filtration [17].

3 3

-

o
1.F1°1-8

P L 4

Figure 1. Filtration mechanism by surface straining [18]

2.1.2 Cake filtration

It is the concept of removing particles from the dirty side of the filter by utilizing an
accumulated dust layer, which called the filter cake layer as shown in figure 2. When
additional dust is loaded, the filter media near to the surface gets clogged. In this way, a
filter cake of dust particles is formed which is relevant for subsequent filtration. The
accumulation of dust particles collected on the surface of the filter contributes to the
filtration process by collecting other particles. Cake filtration is particularly useful when the
collected particles are of use, because of the ease of collection [5] [18].

2 ; 3
- g |
¢, Filter media ""‘ﬁ?ﬂ
-’r-,\ﬁ, o
e~ W i
200 ym
—

Figure 2. Cake filtration mechanism [18] [5]
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2.1.3 Depth filtration

Depth filtration allows for the filtration of particles smaller than the diameter in the filter
element's pore structure, as shown in figure 3. However, it differs from surface filtration in
the mechanisms of capturing the particles since it is not as straightforward as for surface
filters, and the performance characteristics of depth filter change differently as a function
of time and particle diameter (section 3.2.1 figure 7 for more details) when compared to
surface filtration.

Depth filtration considered to be the most economical method when there is a low
concentration of particles to be separated. The mechanisms of particle capture for depth
filtration media are [18]:

e Inertial Impaction
e Direct Interception
e Brownian Diffusion.

It is important to note that while all three mechanisms can be addressed separately, all
three will act simultaneously in real-world applications. Moreover, all three mechanisms
can be thought to work together to contribute to a very high efficiency (99.90%+) for a
given depth filtration medium [15].

FLOW

DIRECTION OF

Figure 3. Depth filtration mechanism [18]
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2.1.3.1 Inertial impaction

As air flows through a depth filtration medium it must change direction to flow around the
fiber in its path. When a particle’s inertia is high enough making the drag exerted on it by
the airflow is not sufficient to alter the particles trajectory and the particle makes contact
with the fiber, this is referred to as inertial impaction.

Inertial impaction takes place in high airflow velocities for particles with a larger diameter
(mostly larger than 1 um) because of its high inertia, dust particles are unable to adjust
quickly enough to the abruptly changing streamlines near the fiber and crosses those
streamlines to hit the fiber and attaches itself [11].

Figure 4 shows the inertial impaction mechanism. The streamlines of a fluid around the
fiber are curved. Particles with a finite mass and moving with the flow may not follow the
streamlines exactly due to their inertia. If the curvature of a streamline is sufficiently large
and the mass of a particle is sufficiently high, the particles may deviate far enough from
the streamline to collide with the media surface [4].

It is important to note that the particle’s size and density play a large role in this mechanism
of capturing, as does the Stokes drag exerted on the particle. The inertial impaction
mechanism can be studied by the use of the dimensionless Stokes number, defined as
[11]:

ik = dpp,CsU (1)

Where

e d, is the particle diameter

e dy is the fiber diameter

e (, is the Cunningham slip correction factor,
e pisthe particle density.

e U is the free stream velocity of the air

e uis the dynamic viscosity

Particles having a higher stokes number are less likely to follow the streamline of the fluid
and thus have a higher chance of impacting a fiber due to their inertia. If the Stokes’
number is higher than one, then the particles separate from streamlines and hit the
collector. On the other hand, for Stokes’ number lower than one, the inertia effect will not
take place. Thus, particles will be separated by direct interception [11].

15



2.1.3.2 Direct Interception

Particles that follow the streamline of the fluid flow through a depth filtration medium can
be separated by direct interception, despite the particle not being arrested via inertial
impaction. Direct interception is the term used to describe when a particle following the
streamline of the fluid comes in direct contact with a fiber in the depth filtration medium as
shown in figure 4. If the particle follows a path that is less than one particle radius away
from the fiber, then it is assumed that it will adhere to the fiber and be captured.

The particles that hit the fiber is captured because of its finite size (more than 0.1 um). In
addition, it is assumed that if the dust particles follow the streamlines perfectly, then, they
have negligible inertia and Brownian motion. Interception is the only mechanism that is
not a result of a particle departing from its original gas streamline.

The interception mechanism depends on the dimensionless parameter, R, which is the
ratio of particle to fiber diameter [11]:

a ®)
dy

It should be noted that a particle may be intercepted by a combination of inertial impaction
and direct interception as shown in figure 7 section 3.2.1, where inertial impaction and
interception are taking place at the same period during filtration. In the case of a particle
flowing through the medium with a low Stokes number that does not necessarily follow
the streamline of the fluid in which it was originally traveling, the particle can in theory
deviate from the stream line and still “miss” the fiber; likewise, a particle may deviate from
its original path and still strike the fiber.

2.1.3.3 Brownian Diffusion

Filtration by Brownian diffusion occurs when small particles collide with the air molecules
and move in an erratic path (Brownian movement). The mechanism is an irregular wiggling
motion of dust particles caused by random variations in the relentless bombardment of
gas molecules against the particle. As particle diameter continues to decrease ranging
from (0.01-0.1 ym) neither of the two aforementioned capture mechanisms dominate to
the separation of particles [15]. Particles in this size range quickly reach thermal
equilibrium with the gas that surrounds them; resulting in the particles undergoing what is
referred to as Brownian motion. In this condition the average velocity of the smaller
particles will be greater than that of larger particles. Under Brownian motion, the capture
of a particle by what is termed diffusional deposition is a function of the magnitude of the
diffusional motion and the convective motion around the fiber; that can be expressed by
the dimensionless Peclet number as follow [11]:

16



Udy (3)
Pe=""

where the diffusion coefficient of particle “D” calculated as follow [11]:

kpTC, (4)
D =
3nud,

Where kg, T,uand dyare the Boltzmann constant, absolute temperature, air dynamic

viscosity and particle diameter, respectively and C, is the Cunningham slip correction
factor that can be expressed as [11]:

0.78 (5)
Cs=1+K, [1.207 + 0.44 exp (— X )]
n

Where K,, is the Knudsen number of particle with A as mean free path of gas molecules
[11]:

g 2 ©®)

Inertial impaction

Diffusion
Direct interception

Figure 4. Particle collection mechanism [4]
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2.2 Engine Air intake system & pressure losses in pipes

2.2.1 Air Induction/Intake system (AIS)

Mechanism of AIS

An engine air intake system's crucial role is to eliminate pollutants from the incoming air
stream, which may cause engine wear resulting in loss of performance, increased exhaust
pollution, increased operational and repair costs, or catastrophic failure.

The AIS is important for the process of internal combustion in engine. This system acts
as a guide for the air that will be used in the combustion chamber by collecting air and
directing it to individual cylinders. The location of the air intake system always near to the
engine.

The main components of the air intake system are including:

e Airfilter.

e Mass air flow meter

e Throttle body

e Intake manifold

e Turbo with the intercooler for additional charge system

Air Filter

The ambient air from the atmosphere enters the system through an intake duct and gets
into the filter box, which contains the filter element. FE is one of the main components in
the AIS. This component is designed to remove moisture, dirt and debris from the air
before it reaches the engine. Effect of the flow restrictions in the air filter increases the
pressure ratio over the turbo which gives the same boost but on the cost of a higher work-
ing temperature. A low restriction intake system will be rewarded with more power and
less heat. It must do this over a reasonable time period before servicing is required, as if
dirt is allowed to enter the engine cylinders, the abrasive effects will result in rapid wear
in cylinders and piston rings [4].

Mass Air Flow Meter

As the engine is accelerating, the air needed in the combustion chamber is increased,
thus increasing the airflow into the system. Therefore, the air entering the system in most
of the vehicles is manipulated by the mass airflow meter (MAF) in which the flow through
the air filter is made smooth and streamlined to reduce the turbulence of flow. AFM is also
responsible for updating the engine control unite to modify fuel supply. From the mass

18



flow meter, which is usually located on the intake manifold, then, does it goes to the throttle
body [25].

Figure 5 below shows a schematic diagram for air intake system and the airflow path.

Intake Mass air flow
manifold sensor

Throttle Air filter
body box

Figure 5. Engine air induction system diagram [25]
Throttle Body

After air being measured, the air continues through the air intake tube to the throttle body.
Its main function is to control the amount of air entering the intake/inlet manifold, where
the air is split to each cylinder and combustion chamber, normally byways of a cable linked
to the throttle pedal at the cabin’s car. For example, When the accelerator is depressed,
the throttle plate opens and allows air into the engine, resulting in an increase in engine
power and maintaining the driver's desired vehicle speed. When the accelerator is re-
leased, the throttle plate closes and effectively chokes-off airflow into the combustion
chamber [25].

Intercooler

An intercooler is an intake air cooling mechanical device used commonly on turbocharged
and supercharged engines. As the air is compressed by a turbo/supercharger it gets very
hot, very quickly. As its temperature increases, its oxygen content drops, so by cooling
the air, an intercooler provides a denser and more oxygen to the engine thus improving
the combustion by allowing more fuel to be burned. It also increases reliability as it pro-
vides a more consistent temperature of intake air to the engine which allows the air fuel
ratio of the engine to remain at a safe level.
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Intake manifold

After intake air passes through the throttle body, it gets into the intake manifold. An engine
intake manifold is the part of the engine, between the throttle body and the engine cylin-
ders. The manifold has a plenum or an air chamber where air is stored and a set of runners
connected to the intake ports of the engine on the engine head. With port fuel injection,
only air flows through the manifold. In a multi-cylinder engine, the primary function of the
intake manifold is to transport combustion air to the engine cylinder, and to create the fuel
air mixture, unless the engine has direct injection. When the throttle valve opens, air flows
into the plenum. During the intake stroke, the intake valve opens and air-fuel mixture flows
through the runners into the cylinder where combustion takes place. The intake manifold
is not just a passageway for the mixture to flow into but it also contributes to a better
distribution of the fuel and air.

2.2.2 Pressure losses in Pipes

An intake manifold is ostensibly a network of pipes and ducts which feed air into the engine
to feed the combustion process. As such it is open to analyse and optimise any network
of pipes and ducts may be. One well documented and theorised section of pipe flows
involves a head loss, or pressure loss due to certain geometries within the flow, specifi-
cally for bends, valves, entrance and re-entrance flows [28].

Pressure losses in pipes are split into two categories, major and minor. Major losses occur
due to the physical length of the pipe and the viscous losses associated with the friction
between the wall and the fluid [10].

While Minor losses occur due to variations in geometry through the piping such as bends,
elbows, valves, entrances and re-entrances.

The terms major and minor do not refer to the relative sizes of the losses necessarily, but
in typical piping systems involving many long straight sections with few bends and valves
the major losses are more substantial than the minor. In the case of an intake manifold
however, the ‘minor’ losses are far more significant, and typically dominate the pressure
losses experienced [28].
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3. Parameters Affecting filter service lifetime

3.11S0O 5011

The 1SO 5011 (International Organization for Standardization) is a test procedure or
protocol with built-in options. It defines a precise filter test using precision measurements
under controlled conditions. Temperature & humidity of the test dust and air used in the
test are strictly monitored and controlled. The use of a standard test dust ensures
consistency and is representative of the size range of dust particles found in real
conditions. It is used to permit the direct laboratory performance comparison between air
cleaners.

In order to compare two ISO 5011 test results, we need to understand which options have
been selected. The test measures the percentage of dust retained by an air filter as the
dust is introduced into a stream of air flowing through the air filter at a constant flow rate.
There is both an initial measurement and an overall measurement [6].

The ISO 5011 test is performed mainly on three main parameters that help in determining
the filter element lifetime:

1. Filtration efficiency.
2. Dust holding capacity.
3. Flow restriction.

The test filter element is placed in the test rig, dust is induced in the dust injector which is
then blown towards the tested filter element. Downstream of the test filter there is an
absolute filter, along with an airflow meter, airflow controller and an exhausted. The
pressure is measured 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 to determine the increase in mass and the dust holding
capacity. The absolute filter is also weighed to calculate filter efficiency. The diagram in
figure 6 below shows a Layout of a test rig for the investigation of a filter media [4].
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Conveyor belt dust dispenser

.......................

Compressed air \/ \/ -
an

Test Absolute

specimen filter Expansion tank

Figure 6. Schematic diagram of a test rig [4]

3.2 Filtration Efficiency

Efficiency of air filter can be defined simply as when analyzing the air filter performance,
is the number of particles that are filtered by the air filter element. It is measured in
percentage and represents the volume of dirt/contaminates an air filter prevents from
entering the engine. The final efficiency varies over the service lifetime and is generally
lower when considering the initial efficiency. This is due to the formation of the so-called
cake layer on the surface of the filter medium. The engine air filters are designed to
actually increase their efficiency by using this initial layer (cake layer) of dust as an added
filter layer. Initial filter efficiency is usually 98% approximately but increases to more than
99% by the end of the service life of the filter [3].

Air filter requirements are usually specified with an initial efficiency, along with a final
efficiency. For example, let's assume a filter efficiency results of 95%, which means that
the air filter retained 95% of the test dust, allowing 5% to be passed through the air filter.

To determine the efficiency of a filter element, there is only one generally accepted
standard test procedure and that is the ISO 5011. Modern air filters achieve filtration
efficiency of up to 99.8% for diesel cars and 99.5% for gasoline cars [4]. For instance,
K&N Air Filters tested generally range between 96% and 99% in overall efficiency using
coarse test dust [24]. The question is how the initial and overall efficiencies are
determined.

As stated before, when filter media loads up with more dust, filtering efficiency improves.
The filter is given an efficiency percentage and rated in two ways. The initial percentage
(initial efficiency), which measures the efficiency after 20 grams of dust being fed to the

22



tested air filter, and the final percentage (overall efficiency), which is taken at a specific
restriction of 2.5kPa over the initial new filter reading. The overall efficiency must be higher
than the initial efficiency to avoid re-entrainment and bouncing of dust particles [2].

Filter efficiency can be calculated as the ratio between the mass increase of an absolute
filter (absolute filter captures any dust that passes the test filter) versus the total mass
increase of absolute downstream filter and the mass of dust being fed [6]:
AMy @
El%| =——.100
[%] AM, + AMp
Where:

e E[%] .... Efficiency.
e AM, ..... Mass increase of upstream absolute filter.
e AMj ..... Mass increase of downstream absolute filter.

3.2.1 Filtration separation mechanism efficiency vs particle size diameter

Here in this section, we will briefly discuss the filtration theory of how different separation
methods are applied efficiently depending on the particle size diameter.

This filtration theory is the same on all types of air filters that are used in the automotive
industry and some other applications (like respiratory protection, building ventilation
system, etc.); the only difference can be in the filtration efficiency percentage as it varies
based on the material type of air filters. Figure 7 shows the graph of the grade efficiency
as a function of particle size based on the example of an air filter element consisting of
synthetic fibers [4].

Firstly, as shown in figure 7 the filtration efficiency was decreasing at first then increased
until it reached its maximum efficiency. This is contributed to the three main mechanisms
for particle separation methods (diffusion, direct interception and inertial impaction).

Secondly, it is obvious that the filtration efficiency is decreasing at particle size range
between 0.01-0.5 um. As very tiny particles pass through the filter, the diffusion separation
mechanism is considered to be the primary filtration mechanism for capturing the particles
at this stage. As mentioned before the diffusion separation takes place at size range
between 0.01-0.1 pm.

Thirdly, within increase in the particle size diameter between 0.1 to around 0.5 pm, the
filter seems to be less efficient reaching its minimum efficiency, that defines the most
penetrating particle size (MPPS) at this point.
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MPPS is a term used for defining the most difficult particles to be captured. Particles are
considered to be too large to be captured by diffusion effect and too small for a significant
interception effect. At this gap, for this certain size, the efficiency can drop to 85%
approximately.

Lastly, at Particles larger than 1 ym, the filter is getting to its maximum efficiency, where
interception and inertial impaction are predominant at this stage. Any size of dirt is
potentially harmful to the engine, but high concentrations of particles in the range of 1-20
microns are considered to be the most harmful to modern engines [4].
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Figure 7. Filter efficiency vs. particle size [4]

3.2.2 Media Face Velocity

Furthermore, Efficiency of an air filter is driven largely by two main factors; the velocity of
the air entering to be filtered (called face velocity) as it moves through the filter, and the
size range or particle size of the airborne particulate to be filtered.

The Media face velocity can be expressed as follow [16]:

media face velocity [m/s] = AQ_f (8)
m
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Where

o Qs ...filter volumetric flow [m3.s7]

o A, ..mediaarea [m?]

According to Indian Institute of Technology Delhi, it can be seen that the data
corresponding to the lower filtration velocity produces higher efficiency results. What may
be a little more difficult to discern is the effect of particle size on filtration velocity [9].

Main points from the graph are outlined as follow in regard to the relation of the particle
size to the face velocity of the untreated cellulosic filter media [9]:

o Particle size Beyond 0.5um: for all face velocities, the filtration efficiency at the
beginning was slightly decreasing until reaching its minimum efficiency as particles
were following Brownian motion and captured through diffusion mechanism.

e Particle size more than 0.5um: for all face velocities, it is observed clearly that the
filtration efficiency improved significantly and increased to over 99 percent, as par-
ticles are more likely to follow the streamlines of the air passing through the filter
and as such will avoid contact with the filtration medium. Therefore, this is where
the mechanisms of interception and impaction for dust particle capture are predom-
inated.

e Larger particles between 1-6 ym: at a face velocity of 0.3 m/s showed higher effi-
ciency than the face velocity of 0.1m/s. A similar association with face velocities
more than the 0.3m/s. This showed that the increase in filtration efficiency of parti-
cles with face velocity due to inertial impaction was evident in this range of particle
size.

e The particle size at 2 um: at a face velocity of 0.5m/s, the efficiency was increasing
until the dust particles size was 4 ym; the efficiency decreased to 89%, and a sim-
ilar association was observed at a face velocity of 0.85 m/s & 1.2 m/s as well. This
unusual behavior is attributed to rebound of particles after colliding the filter surface
and followed by subsequent re-entrainment of particles in the air streams at higher
velocity.

To sum up, an important factor for reaching the desired efficiency is the face velocity.
Depending on filter medium, 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. The face velocity related to the
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dust concentrations and patrticle size distributions differs from one another. This data is
important for air filters and enables estimating their expected service life. It has been
observed that the filtration efficiency of filter media decreased at higher face velocities for
relatively large particles. This happened apparently due to particle bounce and re-
entrainment phenomenon. Particle bounce of dust particles can affect the filter element
lifetime tremendously.

3.2Dust Holding Capacity (DHC)

Another point that we have to shed our light on is the dust holding capacity, which is the
amount of dust a filter element can carry when it operates until a maximum restriction
value is reached at a specified airflow rate. It is an important metric when dimensioning
the service life of the filter element.

It is determined according to the same test procedure ISO 5011. It is defined in [g/m2] or
the DHC defined in [g].

Capacity is relative to the filter element'’s physical size, more precisely the area of the filter
media, which varies according to the number of pleats. Greater area means higher
capacity for holding the dust, thus longer service life for the filter element. For example, if
an air filter with a DHC of 250 grams means it will keep that much dust before cleaning or
replacement is necessary [4].

The main affecting factor on the dust holding capacity is the type of filter media & the size.
There are numerous different filter media, each with their special properties for example,
treated paper (the kind of air filter considered in this thesis), dry paper and synthetic felt
media. Moreover, to enhance the dust holding capacity without pressure drop is to apply
a treatment on the filter media. At the same time, the size of the filter must allow for a face
velocity at maximum airflow that is low enough to prevent particles permeating the air filter
into the engine.

3.2.1 Dust Particles Characteristics

The ambient air that surrounds us contributes oxygen to the internal combustion engine,
which is filled with the particulate matter at varying concentrations. Particles suspended
in the air may consist of mineral particles, organic content, soot from incomplete
combustion. For the complete combustion of 1 kg of fuel, the engine requires 14 kg or
10.8 m? of air. Assuming an annual mileage of 12,500 miles and fuel consumption of
approximately 30 mpg, the engine inducts 12,400 m? of air a year. This means that
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between 24 g and 6.2 kg of dust are directed into the vehicle engine over a period of ten
years [4].

Depending on the type of vehicle and location where the car is used, the dust
concentration in the air ranges between less than 0.2 to 50 mg/m?3 as shown in figure 8.
Furthermore, it is stated that the dust particles contained in the air that get into the engine
are in the range between 0.01 to 2000 ym in diameter [4].
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Figure 8. Average mass concentration of dust under different conditions of use [4]

In case the air is poorly or inadequately filtered, these particles of dust will penetrate into
the engine and, and to some extent, into the oil. They can also penetrate into critical areas

such as the clearance gaps between the cylinder liners and pistons causing mechanical
wear in the engine [4].

It has been illustrated that Particles are generally characterized by their size, but other
considerations, such as particle hardness versus component hardness, have to be
considered, as they have a major effect on the wear of engine bearings, pistons and
cylinders. They are playing a contributory role for the analysis of engine frictional wear.
Besides, shape and roughness are also critical factors that cause abrasion [13].

Figure 9 show that the wear in engine parts increases with increasing particle size.
Particles with sizes in range between 10-30 ym are causing the most severe wear in the
bearings and the peak occurred at 20 um. Almost same results were obtained by Fodor
in the same range, although his experiments showed that a dust particle size of 15 ym
gave the maximum bearing wear rate [13].
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Based on figure 9 Particles between 5-20 ym are considered more damageable for
bearings and clearance gap. And particles less than 1 um may contribute to engine wear
as well, but they are more harmful to the air mass meter in the engine air intake system

[4]
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Figure 9. Effect of wear relevance as a function of particle size [4]

3.3 Flow Restriction

In addition to the efficiency of the filter at arresting the unwanted contaminate and the dust
holding capacity of the filter element, the amount of work required to push or draw the air
through the filter is another important parameter. The magnitude of the pressure drop
through the filter is typically specified as the change in pressure from just upstream of the
filter to just downstream of the filter commonly measured in pascals. The differential
pressure drop can be divided into an initial restriction when the filter is new and the final
restriction at the specified pressure drop when the filter is considered to be fully utilized.

Typically, to decide whether to remove the air filter or not, the clogged filter's restriction
rise relative to the initial restriction of the new filter is measured. However, Predicting the
filter element lifetime for specific engine size or vehicle is considered to be complex. The
engine air filter should be serviced after it reaches a specific restriction rise limit due to
contaminant loading. Further, the point at which the engine air cleaners are serviced,
affects both, filtration performance and overall vehicle performance due to accumulation
of contaminants that can reach the engine causing an abrasive wear as discussed before.
Engine air cleaners having excessive restriction values can significantly degrade the
overall engine performance. Serving air filters at the required increase in the restriction
helps the filter reach its highest performance, ensuring optimum engine safety [22].
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Minimizing the pressure drop through an air filter was the goal of many of the early works
which sought to characterize flow through a filter using computational fluid dynamics [14].
This paper found that by balancing the viscous and inertial losses of flow through a pleated
medium the overall pressure loss through a clean filter could be minimized. Pressure loss,
however, is not a fixed parameter for all filtration applications. While some systems
continually expel the contaminant from the system leading to a relative constant pressure
loss over time.

Figure 10 shows an initial rise in the differential pressure, that is a typical characteristic
for the behavior of depth filters. The steeply rise in the differential pressure is caused due
to more dust being loaded into the filter. As after a certain period the filter media will get
clogged causing this instant rise. Thus, to avoid a power loss of the engine or any kind of
more abrasive contaminates, the filter element should be replaced when a specified
maximum pressure drop is reached as laid down by the manufacturer, usually 2.5kpa
above the initial restriction level [4]. It is stated that the total restriction limit for the car
intake system for diesel engines is between 5-7.6kPa, and for gasoline engines 3.8-5kPa

[8].
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Figure 10. Increase of differential pressure as a function of dust load over time [4]

4. Types of air filter media
Air filters for the internal combustion engine have been around for decades. Starting with
a simple oil bath cleaner and lately with pleated paper filter media and synthetic felts [27].

Nowadays, the purpose of any kind of air filter is to control contamination through achiev-
ing a balance between the sources of contamination and the ability of a system to tolerate
contamination. The ultimate goal is to balance filtration performance with the desired effi-
ciency and dust holding capacity. In the modern car machines a varieties of textile fibers
are used for auto filter preparations as per as the suitable requirements and end uses. For
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example, the most common filter media used in the industry is shown in the chart below
in figure 11, about 48% of the EAC are using treated paper filters (to enhance performance
levels) followed by 31% using dry paper filters and 28% using synthetic felt media. Each
have a different characteristic regarding efficiency and dust holding capacity. Air filter me-
dia in motor vehicles consist of randomisations of natural cellulose or synthetic (e.g. pol-
yester) fibers [2].

Synthetic Dry Paper
Felt Media Media
21% 31%

e —

Treated
Paper
Media

48%

Figure 11. usage of AlF technologies [2]

All car engine air filters are enclosed in a filter airbox near the center-top of the engine.
For a high quality of filtration, the filter medium in general must be resistant to engine oils,
fuel fumes, and crankcase gases that reach the medium from the intake air. Furthermore,
materials must be characterized by high thermal stability; as when riding the vehicle, there
is an increase in temperature for up to 90°C [4].

Dry paper media is constructed of cellulose and the synthetic felt media is constructed of
100% synthetic fibers mostly polyester. The synthetic felt media provides excellent
durability, heat resistance, water resistance and filtration performances [2].

According to Neville J. Bugli, it is illustrated that the synthetic felt media used in engine
air cleaners showed a competitive advantage in dust holding capacity over the treated
paper media. On the other hand, the treated paper media showed a higher initial
efficiency with about 2 times lower dust penetration compared to synthetic felt media [2].

4.1 Treated Paper Media

According to the chart from Neville J. Bugli, treated paper media are the most common
used filters in the industry. The advantage of filters using treated paper media are consid-
ered to be relatively cheap and easy to replace, besides to its structure with pleat patterns
and impregnation. They are generally constructed of cellulose fibers

As shown in figure 12. the “paper” in this type of filter is pleated to increase surface area,
therefore more space for dirt to become trapped. It is widely believed that paper filters flow

poorly and thus restricts engine performance. In fact, as long as a pleated-paper filter is
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sized appropriately for the airflow volumes encountered in a particular application, such
filters present only trivial restriction to flow until the filter has become significantly clogged
with dirt.

Figure 12. Typical air paper FE in passenger cars (5Q0 129 620 B)

4.1.1 Pleat patterns and impregnation in treated paper filter

Pleat patterns are particularly crucial for the functional efficiency of the filter element. The
typical structure of filter pleats must be kept unchanged during its service time; besides,
the filter media must exhibit high stability under pulsating forces and not allow any dust to
permeate even under high dynamic conditions. For example, engine pulsation, that may
result in collapsing the filter surface. If the arrangement of pleats remains unchanged, it is
possible for the specific dust holding capacity measured in the laboratory to be achieved
throughout the filter's lifetime in reality. Moreover, The treated paper air filter media is
normally impregnated to improve the resistance to moisture, which significantly improves
the bending resistance of the cellulose medium and protects the fibers from environmental
influences [4]. The treated paper media utilizes a resin system to improve efficiency, and
fiber strength in addition to its rigidity and durability [2].

The important parameters for paper air filters are its porosity, particle retention, flow rate,
efficiency and dust holding capacity. For instance, a paper air filter needs to be very po-
rous and have a weight of 100 - 200 g/m?[24]. In addition, paper air filters provide a spe-
cific dust holding capacity of 190-220 g/m? depending on the aggregate of car, and a
critical velocity (Veritical) equals to 10 cm/s. Besides to an efficiency of 99.5%* for gasoline
cars and 99.8%" for diesel cars [4].
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4.2 Examination of treated paper filter media

First of all, before inspection of the filter element into the vehicle. The performance of the
filter media should be determined firstly by the manufacturer; Mann+hummel company
conducted a dust loading test under laboratory conditions and with defined flow rates, in
order to evaluate the performance of the treated paper filter media (5Q0 129 620 B).

During the initial filtration process, dust particles are accumulated in the filter media's inner
structure. Thus, increasing the surface usable for particle capturing and enhancing filtra-
tion performance. The gradual initial rise in the pressure drop is typical behaviour of depth
filters.

The dust loading capacity for the cellulose paper media depends on the formation of a
dust cake on its surface. When additional dust is loaded into the filter, the filter media
below the surface becomes clogged. After a certain period of time, when a high proportion
of the pores are clogged with particles due to formation of cake layer, the pressure-drop
rises steeply. For example, at 145g of dust being fed at a flowrate of 850 kg/h, the pressure
drop was increasing with a constant rate till the clogging point is reached causing a sudden
increase in the pressure drop.

After 5Smbar for all flow rates. The clogging point is obvious at this stage as shown in figure
13, as a result pressure drop increasing rate risen suddenly. This rise is identified by the
so-called clogging point. Then a second clogging point is reached after 10 mbar. And
again, the rate of pressure-drop rising increased rapidly. Same rising in pressure drop is
obvious at all flowrates. A similar conclusion was reached by Mann+hummel while they
were testing an engine air intake filter [5].
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Figure 13. pressure drop against dust loading

5. Practical Part

5.1 Data collection

The current experimental data discussed in this section is done on a treated paper air filter
(5Q0 129 620 B) used by Volkswagen group (VW).

Based on studies, researchers found that the current maintenance practice for replace-
ment of air filters is indicated by the following parameters [22] [2]:

e distance travelled by the vehicle fitted with the air filter (measured in thousands of
km or miles).

e The operation period of the air filter (measured in months & years).
e Reaching a limit value of restriction or pressure drop specified by the manufacturer.

The first two parameters are the most commonly used among drivers. However, they are
not very reliable methods for determining the filter element lifetime.

Usually for identifying the moment when the air filter should be changed, it is referred to
as the total restriction of the filter (to prevent clogging) and the increase of restriction level
from the initial restriction of the new filter. Overall restriction values are set by the engine
manufacturer depending on engine type, which is commonly 2.5 kpa above the initial re-
striction level [22].

The test was conducted on several stages. Firstly, five new filters were weighted before
inspecting each of them into the car and the initial restriction level was measured for all
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filter elements at the laboratory. In addition, the lab recorded the date when the new filter
element was inspected into the car.

After inspection of the filter element into the car, the car was sent out to be used by the
customer. When the customer arrives for his/her regular maintenance at the service shop,
the lab recorded the date of arrival in order to know the period for how long the filter has
been used.

Then the used filter element was weighted again in order to compare the difference in
masses (between new & used filter) and know how much dust has been stored in each
filter.

Finally, filter elements were sent to the lab again in order to measure the final restriction
value reached by each used filter and compare the pressure drop between the new and
the used filters to determine if the air filters were changed prematurely.

5.2 Results and discussion
Weighting of the filter

The air filters were weighted in order to measure the dust stored in the filter. Firstly, the
filter was measured in the new state, and then after it was used.

In order to measure the dust already stored in the used filters, first in the lab, the new
filters were dried to remove any moisture and weighted with the mass noted with (Mn).
And then, the laboratory measured the used filter mass when the customer arrived for
his/her regular maintenance at the service shop noted with (Mu).

The dust mass (Mp) was calculated as the difference between the used filter mass (Mu)
and the new filter mass (Mn).

Table 1 summarizes the values for the masses of new and used filters with specific dates
for giving and receiving the filter from the customer’s car.
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New Filter Used Filter Mass Differ- Given date Received
Mass (Mn) [g] Mass (Mu) [g] ence (Mp) [g] date
FE1 359 379 20 18.09.2015 | 6.02.2017
FE2 362 385 23 18.09.2015 | 6.02.2017
FE3 358 375 17 18.09.2015 | 6.02.2017
FE4 354 364 10 03.2017 21.05.2019
FE5 354 386 32 02.2018 21.05.2019
Table 1.




After that, the filter elements went under another test to investigate the pressure drop
against different flowrates.

Pressure drop Vs Airflow

In table 2, it shows the measurements for pressure drop at different flowrates; this nu-
merical data is used in order to illustrate a graphical relationship between the pressure
drops and the airflow rate as shown in figure 14.

Further, with this data we were able to create a chart to compare the pressure drops be-
tween the used and new filter at a specific flowrate as shown in figure 15 in next section.

Pressure drop on filter element (FE) [mbar] at different flow rates [kg/h]

flow through
the FE [kg/h] 42 106 | 212 | 354 | 472 | 607 | 702 | 759 | 850
FE1 0.087 |1 0.286 | 0.674 | 1.30 | 1.92 | 2.73 | 3.37 | 3.78 | 4.48
FE2 0.098 1 0.312 | 0.720| 1.37 | 2.00 | 2.82 | 3.46 | 3.87 | 4.56
FE3 0.098 1 0.307 | 0.711 | 1.35 | 1.98 | 2.79 | 3.44 |3.84|4.53
FE4 0.087 | 0.277 |1 0.645| 1.24 | 1.83 | 2.60 | 3.20 [3.59 | 4.25

FES 0.113]0.357|0.827 | 1.57 | 230 | 3.25 | 3.99 | 4.46|5.27

Table 2. Measurements of pressure drop at different flowrates

Figure 14, shows the pressure drops against the flowrate. It shows how each filter (New
and used) responded to a steadily increasing airflow for up to 850 kg/h.

It can be seen that the pressure drop is proportional to the flowrate. By increasing the
flowrate, pressure drop was increasing as well. The rate of augmentation of pressure drop
is highest in the case of FE5 reaching around 8.3 mbar, as this filter seems to run under
dustier environmental conditions because it showed a higher mass difference of 32g in a
shorter period compared to the other filters that ran for 2 years.
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Therefore, we conclude that the lifetime of a filter element doesn’t depend on the operation
period, as most drivers (around 15%) believe in replacing their air filter after one year [21].
However, the restriction rise is not proportional to operation period because vehicles are
operating under different environmental conditions where the dust has different concen-
trations and particle size distribution.
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Figure 14. pressure drops against flowrate

Pressure Drop

Here in this section we will discuss the pressure drop at two different flowrates. maximum
airflow (Qmax= 850kg/h) and for normal airflow (Qso% = 425kg/h).

It is shown that the used filters produced a final restriction/pressure drop higher than the
new filters at both flow rates (Qmax & Qso%).

The increase of the restriction for the used filters at Qmax is 2 mbar for FE1 & FE3, and 3
mbar for FE5 (the highest-pressure drop measured). This increase is insignificant com-
paring to the engineering recommendations aforementioned of 2.5 kpa, which is equiva-
lent to 25 mbar.

Filters with the lowest quantity of dust, namely the used FE4 with Mp = 10g produced the
lowest restriction difference of 0.8 mbar. On the other hand, the highest restriction was
produced by FE5, that has the highest dust mass difference of Mp = 32g. This is accounted

for the fact that dust particle size and weight influence the air restriction, So, it may differ
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the environmental conditions where the air filter is used and the type of dust getting into
the filter, as dust particles are having a different structure size, and composition.

So, it is observed that all the filters that were changed, were changed prematurely before
reaching their full capacity of utilization.
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Figure 15. pressure drop generated by air filters

Service shops are changing filters as manufacturer specifications or if the client asks for
it. However, based on the statistical data gathered and the surveys conducted on drivers
to know their perception about when to replace their vehicle’s air filter, it showed that a
high percentage of drivers (48%) would change their air filters based on covering a specific
distance [26], which is not true as it has been proven that the distance travelled by the
vehicle is not dependent on the restriction rise [22]. Therefore, air filters should be re-
placed based on reaching a limit value of restriction; This limit value could be emphasized
with a specialized transducer calibrated according to the type of engine.

6. conclusion

The main objective of this research was to determine the parameters affecting the filter
element lifetime. 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 is reaching its final specification. Then, To-
ward the end of life phase, then the differential pressure drop will rise due to the accumu-
lated amount of dust in the filter element. At this point with more dust accumulated, a
formation of cake layer will accumulate on the surface media resulting in reaching a clog-
ging point. As a result, the pressure drop will instantly increase, and this affect the output
power of the motor.
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Nowadays, there are a variety of filters available in the market. Most are produced with
different features as some are treated, others are pleated or embossed, which their man-
ufacturers claim makes them more efficient at trapping impurities and increase lifespan.

Engine air filter performance are affected by several parameters, such as critical face
velocity determined by the manufacturer that has to be kept and not exceed a specific
value to avoid re-entrainment and bouncing of particles in the filter media. Type and size
of filter media also plays a role in regard with initial efficiency and dust holding capacity
respectively.

If the air filter is not serviced at appropriate intervals for the conditions in which it must
operate, it will become restricted and prevent an adequate air supply for complete com-
bustion from reaching the cylinders. Incomplete combustion results in carbon deposits on
valves, rings, and pistons, which in turn cause engine wear and oil consumption problems.

To sum up, the service life of air filters for internal combustion engines of vehicles is
usually defined among drivers as the distance travelled by the vehicle fitted with the air
filter or as the operation period, but this will eventually lead to premature replacement.

On the other hand, in engineering terms the moment of air filter replacement is determined
by measuring the total restriction of the clogged filter, or the increase of restriction with
respect to the initial restriction of a new filter. The restriction limits are set by the engine
manufacturer, which recommends the total restrictions values, depending on the engine
type (usually 2.5kpa above the initial restriction value). Moreover, restriction rise is not
proportional to the distance travelled by vehicles due to operation under different
environmental conditions. As if the vehicle is operating on a high dusty road, the possibility
of the filter getting clogged earlier.
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Appendix |

Database
surej filter element (FE) new FE used FE pressure drop at flow: 800 kg/h weight
& Part No. new used trendline coefficients weight trendline coefficients weight  lenghtkm | car [VDS) new used delta delta
H product secondary given received a b C g a b C g km mbar mbar mbar % g H
017 5001296208 7 oot 20120913 356 3.99 I
0175 500.129.6208 ' 002 2012-09-13 | 2017-02-05| 0-00000258  0.0029163 0.043 359 | 0.00000395 0.003210 0018 358 k37230034 | 420 5.08 0.88 209 -1
0176 500.129.6208 ' 003 201208-13 356 3.98
0177 500.129.620.8 v 004 2012-09-13 359 401
0178 500.129.6208 7 005 20120313 357 4.05
017 500.129.620.8  13-001WW1 357 3.96
0180 5Q00.129.6208  13-001vv2 358 4.08
0181 500.129.620.8 13-001z 376 5.09
0182 500.129.620.8 13002 2013-04-19 | 2017-02-05| 0.00000258  0.0025553 0.037 351 | o.00000364 0.003208 0012 @ 366 5K4814 0056 3.99 491 0.92 231 15
0183 500.129.620.B 13003 2013-04-19 347 3.79
0184 500.129.620.8 13004 20130419 349 3.76
0185 500.129.620.8 13005 2013-04-19 347 3.76
0186 500.129.620.B 13006 2013-04-19 345 3.2
0187 5Q00.129.620.8 13007 2013-04-19 348 3.2
0188 500.129.620.8 13008 2013-04-19 358 3.70
0183 500.129.620.8 13009 20130514 349 3.71
0130 500.129.620.8 13010 2013-05-14 353 3.75
0191 5Q00.129.620.B 13011 201305-14 354 3.80
0192 5Q00.129.620.8 13012 20130514 354 3.94
0193 500.129.620.8 13013 2013-05-14 346 3.73
0194 500.129.620.8 14001 20140417 361 3.01
0195 500.129.620.8 14002 2014-04-17 361 3.70
0196 5Q00.129.620.8 14-003 2014-04-17 360 3.66
0197 5Q00.129.620.8 14004 20140417 358 3.86
0198 500.129.620.8 14-005 2014-04-17 361 3.7
0193 500.129.620.8 141 376 4.57
0200 500.129.620.8 14-006 355 3.96
0201 5Q0.129.6208  14-007 355 396
0.202 5Q0.129.620.8 14-008 358 3.98
0.203 5Q0.129.620.8 14-009 2017-02-06 0.00000320  0.0026971 -0.082 358 | 0.0000043% 0.004083 0004 ! 382 5K376160007 | 417 6.07 1.90 456 24
0.204 5Q0.129.620.8 14-010 2017-02-06 [ 0.00000311  0.0026556 -0.032 356 | 0.00000369 0.003417 -0.020 : 363 5K 37160112 4.09 5.07 0.99 241 7
0.205 5Q0.129.620.8 14011 2019-05-21 | 0.00000308  0.0027274 -0.082 356 | 0.00000647 0.008303 0001 ¢ 372 412 10.78 6.66 161.6 16
0.206  500.129.620.8 15001  2015-05-04 | 2019-05-21| 0.00000316  0.0028452 0.002 356 | 0.00000386 0.003927 -0.022 i 374 5K3717-0014 430 5.46 1.15 26.8 18
0.207 5Q0.129.620.B 15002 2015-05-04 358 3.90
0.208 500.129.620.B 15003 2015-03-18 ; 2017-02-06| 000000311  D.0026356 0.032 359 | 0.00000418 0.004147 -0.001 i 379 5K 481 7-0005 4.09 5.99 191 46.6 20
0203 5Q0.129.620.8 15004  2015-09-18 | 2017-02-06| 0.00000300  0.0028279 -0.036 358 | 0.00000338  0.003318 0011 : 373 Sk4g270006 | 4.5 5.35 1.20 29.0 15
0210 5Q0.129.620.B 15005  2015-03-18 : 2017-02-06| 000000236  0.0028526 £0.023 362 | 0.00000383 0.004374 -0.022 : 385 5K3266 0041 4.15 5.93 178 42.9 23
0211 5Q0.129.620.B 15006 2015-09-18 | 2017-02-06| 0.00000254  0.0025059 0.030 358 | 0.00000395 0.003478 0.005 : 375 Sk326/160002] 4.18 5.30 113 21.0 17
0212 500.129.620.8 15007  2015-03-18 | 2017-02-06| 000000238 0.0028324 0.027 357 | 0.00000443  0.003757  -0.007 : 370 sk482070033 | 414 5.83 1.69 40.7 13
1 500.129.620.8 17-001 201703 20190521 0.00000294  0.0025330 0.026 354 | 0.00000349 0.003040 -0.031 ! 364 $K3720 8 0030 3.88 463 0.75 19.4 10
2 500.129.620.8 17-002 201703 20190521 0.00000295  0.0025335 -0.011 352 0.00000356  0.003129 -0.010 | 3p4 $K3720 80034 390 477 0.87 222 12
3 500.129.620.8 17-003 2017-03 0.00000301  0.0025366 -0.012 354 394
4 500.129.620.8 17-004 201703 20190521 0.00000299  0.0024655 -0.004 352 0.00000403  0.003409 0.025 i 370 SK3720 9 0018 3388 5.28 140 36.0 18
5 50Q0.129.620.8 _ 201703 0.00000301  0.0025537 0.043 351 3.93
6  500.129.620.8 17-006 2017-03 2019-05-21| 0.00000301  0.0026057 0.011 354 402
7 500.129.620.8 neni 2017-02-06 0.0000047  0.008601  -0.005 : 483 9.88
§  500.129.620.8 neni 2017-02-06 0.0000065  0.005872 -0.070 : 504 9.06
9 500.129.620.8 neni 2017-02-06 0.0000040  0.003701  -0.028 : 3p3 546
10 500.129.620.8 neni 2017-02-06 0.0000065  0.008301 -0.193 : 669 10.59
15 500.129.620.8 _ 0.0000033  0.0032682 0.043 358 467
16 500.129.620.8 17-006x 201905-21| 0.0000037  0.0033795 0.032 356 0.0000044  0.003453 -0.048 ! 367 $K3710 9 0052 5.04 552 0.48 96 1
17 5Q0.129.620.8 17-007 201905-21| 0.0000034  0.0032726 0.043 356 0.0000045  0.003738 -0.020 ; 372 SK37209 0047 474 5.88 1.14 24.1 16
18 500.129.620.B 17-008 0.0000036  0.0035260 -0.043 360 5.05
30 500.129.620.8 17-009 201712 0.0000032  0.0030097 £0.014 354 444
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5001296208 17010 a2 00000033 00031875 0046 357 4.60
5001296208 17011 21712 00000032 00032110 0.050 353 455
5001296208 17012 w2 00000033 00031318 0045 357 4.55
5001296208 17013 w2 00000035 00038056 Q.04 358 5.4
5001296208 17014 w2 00000031 00029340  0.028 350 431
500.129.6208 18001 201302 i20199521| 00000034 0003325 0035 354 | 00000061 0.004606 -0.028 : 386 30550097 | 482 7.58 276 573 32
5001296208 18002 013 00000033 00030836 Q.02 346 4.58
5001296208 18003 a0l 00000035 00031727 N 350 476
5001296208 18004 01803 00000023 00028128 018 350 411
5001296208 18005 01803 00000031 0002949 0030 39 430
5001296208 18006 201803 00000034 00030912 097 356 51
5001296208 18007 20183 00000032 0002983 0.026 349 4.4)
5001296208 18008 20183 00000030 00028555 0.031 350 415
5001296208 18009 0183 00000030 00028375 0032 350 415
5001296208 18010 01803 00000030 00030788 0053 359 433
5001296208 18011 0183 00000034 00037761 0032 354 517
5001296208 18012 0133 00000035 00037441 .03 358 520
5001296208 18013 0103 00000030 00028482 0031 354 416
5001296208 13014 0180 00000030 00030413 008 393 434
5001296208 18015 01803 00000034 00037831 .04 356 5.14
5001296208 19002 01940521 00000051 0004685 -0.008 | 367 Sa7140201 701
500.129.6208 19003 201940521 00000142 000744 D067 . 331 5437220038 1496
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Appendix Il
Media Face Velocity Graph
AK. Maddineni et al. / Powder Technology 322 (2017) 369-377
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Fig. 5. Initial Grade efficiency at 0.1 my/s (a). 0.3 mys (b). 0.5 m/s (c). 0.85 mvs (d). and 1.2 mJs (e).

45



