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Air quality engineers carry out air sampling for monitoring the air pollutants, finding key sources of
pollutants and assessing the health risk associated with them. Inertial impactors are simple devices based
on impaction theory and useful for size specific collection of aerosol particles. Inertial impactors have

one major problem of particle bounce off which perturbs its accuracy and collection efficiency. This
problem is non-predictable and increases with longer sampling period. It is also pronounced with
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increased pollution level. This present study presents design and development of a novel inertial
impactor having an off-centric impaction nozzle as a solution to reduce particle bounce off.
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1. Introduction

Bad air quality in urban areas has become a major issue across the
globe. The simultaneous increase in population and pollution has created
potential health issues due to the emission of various harmful gases (carbon
dioxide, methane, oxides of nitrogen and sulfur) and particulate matters.
The major sources of particulate matters include burning of biomass,
industrial process, emission from power plants and diesel vehicle
(Chakraborty and Gupta, 2010). Urban areas are facing serious threat
from air pollution related health issues due to the presence of higher
concentration of anthropogenic sources. Air has a wide range of suspended
particulate matters, called aerosols. Amongst all size ranges, PM2.5
(particulate matters having aerodynamic diameter 2.5 micron or less) is
of significant concern. This size range is proved to have direct harmful
effect on human health. It is even more detrimental to the sensitive
population including elderly and diseased and affects human cardiovascular
and respiratory system (Pope et al., 2002). The adverse health effect
caused by particulate matters is more pronounced when they are of finer
sizes (Donaldson and MacNee, 1998; Ferin et al. 1999). Finer size range
has the potential to penetrate deep into the lungs and eventually enters
into the blood.(Schwartz et al. 1996; Harrison and Yin, 2000; Cohen et
al., 2005; Kunzli and Tager, 2005; Sharma and Agrawal, 2005; Huang
and Ghio, 2006).
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It is, therefore, necessary to know the air pollution level and recognize
the source control strategies for its abatement. Air pollution engineers are
interested in size specific collection of those target size range (PM, ; or
PM1) followed by extensive chemical analysis in the laboratory. Several
instruments and methods are available for the size specific collection of
particulate matters; but the most common and simple device which can
separate and collect aerosol particles size specifically is the impactor. The
impactor is based on the impaction theory and separates larger particles
from smaller ones based on inertia difference (Liu, 1976).

Theory of Impaction

Impactors are widely used for sampling and separation of airborne
particulate matters because of their sharp separation, high collection
abilities, and relatively simple design. Researchers have already come up
with theoretical equations and curves to accurately predict the design
parameters (Marple and Willeke, 1976; McFarland et al., 1978). Several
types of inertial impactors are developed so far (Marple et al., 1991;
Demokritou et al., 2002a,2000b, 2000c; Furuuchi et al., 2010) and
proved to be an excellent substitute to costly optical based particle
spectrometers (Liu et al., 2010).
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Detail description of different parts of an impactor has been shown in
Fig. 1. Impactor comprises majorly of an impaction nozzle and impaction
plate. The impaction nozzle acts as a gateway of the air stream containing
both target and non-targeted particle size distribution. Air entrains by the
suction of an air pump attached downstream to the impactor.
Comparatively, bigger particles with sufficient inertia will slip the air
stream and hit the impaction surface. Target particle range of smaller size
and less inertia will be there in the air streamline and finally get collected
on a filter paper of much finer mesh size (Hinds, 1999).

W = Nozzle width at the exit of the air stream flow; S= Distance
between nozzle exit and impaction surface
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Figure 1: Cross-sectional view of an impactor (Hinds, 1999

According to the impaction theory, the cut point diameter is calculated
by using the dimensionless Stokes number (Stk). Stk is the main governing
parameter and is defined as follows:
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Where, P, is the particle density (kg/m?), ¢ the air dynamic viscosity (Pa.s),
d is part1c1e diameter (um), U is Jet velocity in theimpactor nozzle (m/s),

1s nozzle diameter (m), and C_is the Cunninghamslip correction factor,
and P is absolute pressure (kPa) (Baron and Willeke, 2001).
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The theoretical cutoff diameter (d, ) is calculated by using the following
equation (Hinds, 1999).

dso+[Cc = ’

Where Q is the flow rate (m*/s) and Stk is the Stokes number for 50%
collection efficiency for impactors.

This equation fits well for flat impaction surfaces. The Reynolds number
(Re) can also be calculated by using the following equation.

Re = (pairUDj)/n (4)

Where p_ is the air density (g/m?), U is the flow velocity (m/s).

For obtaining the desired sharp cut off, the recommended Reynolds
number of the gas flow in the nozzle exit should be between 500 and
3000 (Hinds, 1999).

The basic structure of an inertial impactor is given in figure 2. It
consists of an impaction nozzle, impaction plate, filter paper holding
assembly and an air suction funnel. The air suction funnel is attached with
rotameter, a flow control device, and then with air suction pump. Any
impactor is designed for a particular flow condition and the pump assisted
with a flow controller device helps to achieve the same. Impaction nozzle
plate in the first component in the upstream and air flows through the
conical nozzle. This conical nozzle helps the airflow to be projected on an
impaction surface. Impaction plate is placed in the downstream to the
nozzle plate and contains a cavity filled with impaction substrate. High
density silicone grease is commonly used as the impaction substrate.
Around the impaction region at the center, holes are made so that finer
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Figure 2: Basic structure of an Impactor

particles can escape hitting the impaction surface and gets collected onto
the filter paper placed downstream to the impaction plate. Air is sucked
out by the pump and the air suction funnel provides a uniform suction
pressure on the filter paper. It helps in uniform collection of the targeted
particulates on the filter paper.

Even though the impactor-based air sampler is well known but major
problems of particle bounce off and non-consistency of S/W ratio (Fig.
1) are there in the existing impaction based air sampling apparatus (Liu,
1976). As discussed, inertial impactor contains impaction nozzle and
impaction plate. On the impaction plate, impaction substrate (high-
viscosity grease) is used to capture the larger and non-targeted particles
(Turner & Hering,1987). The impactor is designed in such a way that the
particles below the design cut-point, only get access to bend sharply and
escape the impaction plate (Hinds, 1999).

However, in the present scenario, the impaction substrate gets exhausted
as the larger particles get captured and eventually cover the impaction
substrate. With the progress of air sampling the particle capturing capacityof
the high-density silicone grease get decreased (Turner & Hering, 1986).
New larger particles do not get the access to get collected onto the impactor
substrate anymore. They hit on the previously captured particles on the
impaction substrate rather than hitting the impaction substrate itself. As a
result, they are bounced off from the surface and re-enter the main air
stream flow. Reduction of particle bounce-off is important for better
reliability of test result, as it disturbs the inflow and perturbs the assumptions
of impaction theory.

For a long duration sampling, the larger particles being collected at a
single point on the impaction substrate forms a tiny heap (Gupta et al.,
2011) on the substrate which not only promotes particle bounce off but
also alters the jet to plate distance. In impactor design, the S/W ratio is
one of the design parameters that should be maintained through the
sampling duration (Marple & Willeke, 1976).

2. Methods

Both the problems (particle bounce off and non-consistent ‘S/W’
ratio), as discussed, are generated due to a single issue, the accumulation
of non-target larger particles on a single point. So, it was decided to
distribute the entire particle loading into multiple points. It was well
understood that, on the accumulation of particles at a single point in a
high loading condition, older particles will soon cover the impaction
surface. When new particles will come they will not be exposed to the
sticky impaction substrate, rather they will hit on older particles and
eventually cause particle bounce-off (Turner & Hering, 1987).

In inertial impactors, the particles should retain in the impaction surface
after getting impacted on to it. But this ideal condition is not always
achieved and thus the size distribution is affected. Dry solid particles use
to bounce from the impaction surface and reenter into the main flow and
perturbs the reliability of results. Minimizing particle bounce-off, is
therefore a challenge to the air pollution engineers. The problem of particle
bounce-off was identified during the initial development of cascade
impactors (May, 1945). This problem became acute for sampling in dry
and desert areas. In order to reduce the problem of particle bounce-off,
different types of impaction surface have been used for absorbing the
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particle kinetic energy. Glass fiber mat was used previously but was
proved to be ineffective as it collects particulates smaller than the cut-off
diameter. High density grease coating is also used and proved to be
effective at the initial stage, but its efficiency gets reduced with progress of
time (Reischl and John, 1978).According to the study conducted by Rao
and Whitby (1978a, 1978b) the greased surfaces can hold particles better
than dry surfaces or glass fiber filters. The similar results were found by
the study conducted by Cushing et al., 1979, Lawson 1980 and Dzubay
et al.,1976.The particle holding capacity of greased surface decreases
sharply and found to be useless when particle loading is high (Turner and
Hering, 1987).

To reduce the particle bounce-off, fresh impaction surfaceshould be
providedin order to maintain the capturing ability unaltered.The fresh
impaction surface can be provided either by changing the impaction plate
or replacing the older grease with fresh one when it gets exhausted. With
simple means, changing the impaction platecan be difficult to achieve.It
was observed from the previous studies that the larger particulates are
impacted at the center of the circular impaction region and rest of the
portion remains unused (Gupta et al., 2011). So, another solution can be
the utilization of the unused portion of the impaction surface which is
eventually the same idea of providing a new surface. This can be achieved
by changing the relative position of the nozzle and the impaction surface.
In the conventional design with a centrally placed impaction nozzle it
was not possible to find a new impaction location even by providing
relative rotational movement between the nozzle plate and impaction
plate. So,in this novel design the impaction nozzle is designed to be
slightly off-centric. The rotation of the nozzle plateafter a certain time
interval (1-2 hour, depending upon the total sampling period and the
pollution level), enables to find out new deposition locations on the same
impaction substrate. Each time after rotation, the impaction nozzle will
focus its air stream flow to a new point which is fresh and sticky to hold
the new particles with better efficiency. As the total loading was decided
to be distributed to 4-6 different points, the heap will not form and the
distance between nozzle outlet and impaction substrate will not be affected
much. Impaction theory suggests an impaction area with minimum ‘4W’
diameter. (Marple, 1970). With off-centric nozzle and with eccentricity
‘W’, the impaction region was designed to be ‘6W’ in diameter to ensure
a minimum ‘4W’ distance from all side. As per the assumptions of
impaction theory, the flow must be laminar all the time and thus any
disturbance in the flow must be avoided. So, the relative rotation of the
nozzle plate with respect to the impaction plate should not happen while
sampling is going on. Previous studies show that the particle retaining
capacity of high-density is good at initial stage but get exhausted with time
(Turner and Hering, 1987). So, rather than changing the impaction surface
continuously, it is needed to be changed after certain time interval.Hence
the plan of rotating the nozzle plate after 1-2 hour fits perfectly in this
scenario. Before each rotation, the air suction pump must be switched off
and then the nozzle plate should rotate to a predefined angle. After each
rotation, the pump will start for the next run.

In the present study, the design parameters for PM, ; impactornozzle
were adopted from previous research done at our laboratory (Gupta et
al., 2011). The solution of distributing the total particle mass into multiple
points instead of a single point, is generic and can be applied to all inertial
impactors based with different cut-off diameter. For designing the complete
structure of such an impaction based PM sampler, the operational steps
of the user (operator) were observed and analyzed. The major operation
is to manually replace the old filter paper with a new one and to change
the impaction surface with a fresh one. The filter papers used for such
sampling are delicate Teflon or Quartz filters and need proper care at the
time of collection and replacement. So, it was decided to design the entire
assembly in such a way that it can be opened at two different segments.
Opening from one segment will enable the operator to access only the
filter paper and the other will enable access to impaction plate. This will
provide ease to the operator to change the filter paper and the impaction
surface individually without disturbing the other one.

Experiments were conducted to observephysically the application of
the present invention. A conventional PM, ; impactor and the newly
developed impactor with off-centric nozzle were placed on the terrace of
the Environmental building, IIT Kanpur. Both of them were run at 15
LPM flow rate for 4 hour. The conventional PM, ; impactor was
undisturbed throughout the period but the nozzle plate of the off-centric
one was rotated at 90-degree angle after each hour. After 4 hour of sampling
both the impactors were stopped and the impaction plates from both the
impactor were carefully taken out and compared visually.

3. Result and Discussion

3.1. Description of the novel inertial impactor with reduced particle bounce-
off.

The newly developed PM air sampler (Fig. 3a) majorly consists of the
following parts:I) Air inlet cap and rain protection, IT) Upper casing, IIT)
Impaction nozzle, IV) Teflon bush, V) Impaction plate, VI) Impaction
plate holder, VII) Wire mesh, VIII) Filter paper holder, IX) Base holder.
These individual components have been shown in Fig. 3b. These
individual components are being further categorized into 3 segments, the
upper part, the middle part and the lower part. The upper part consists of
components I), IT), IIT) and IV). The middle part comprises of components
V) and VI). The lower part includes component VII), VIII) and IX).

SECTION A-A

Figure 3a: Structure of the novel PM inertial impactor in assembled form

I} Air inlet cap and

rain protection 11} Upper casing I11) Impaction nozzle

V1) Impaction plate holder

V) Teflon bush

V) Impaction plate

=

V1I) Wire mesh VILI) Filter paper holder

1X) Base holder

Figure 3b: Individual components of the novel inertial impactor
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The upper part of the PM inertial impactor (Fig. 4) contains the air
inlet cap and rain protection (Fig. 3b I) as the first component at the
upstream. It allows the entrance of air to the Impaction nozzle. It also
protects the sampling from the direct entry of rain water into the flow. The
upper casing (Fig. 3b II) is designed to adopt the warm gear mechanism.
It also fits the off-centric impaction nozzle and teflon bush inside it. The
impaction nozzle (Fig. 3b III) rotates with the help of warm gear
mechanism and a stepper motor. The teflon bush (Fig. 3b IV) holds the
impaction nozzle and is being screwed with the upper casing part. It also
provides minimum friction to the rotating nozzledue to its smooth surface.

SECTION B-B

Figure 4: Drawings of the upper part of the novel PM inertial
impactor

The impaction plate holder (Fig. 3b VI) holds the impaction plate
(Fig. 3b V) and these two consist the middle part (Fig. 5), and can be
easily detached from the upper part. A slot in the impaction plate holder
is designed in such a way that the impaction plate fits perfectly inside it.
Threads are provided at the outer surface of the impaction plate holder
and at the inner side of the upper casing. This arrangement enables the
impaction plate holder to be attached inside the upper casing.

SECTION A-A

Figure 5: Drawings of the middle part of the novel PM inertial
impactor
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The lower part (Fig. 6) is designed for collecting particulate matters of
target sized on standard teflon or quartz filter paper and is at the downstream
of the impaction plate. This part comprises of a wire mess (Fig. 3b VII) to
support the filter paper, and a filter paper holder (Fig. 3b VIII) is also
designed for keeping the filter paper at right position during sampling.The
base holder(Fig. 3b IX) is designed as a casing to hold the wire mesh and
the filter paper holder inside it. An air suction pump is attached at the
downstream of the base holder and assisted by rotameter for providing
the required design flow rate. The base holder is a funnel like structure
which distributes the air suction pressure uniformly to the filter paper.
The base holder comprises with threads at its outer periphery.Other than
the threads made on the outer periphery, impaction plate holder also has
threads at the inside. Its inner threading allows the base holder portion to
be attached inside it. In this design, the Impaction plate can be accessed
without disturbing the filter paper for replacing the impaction substrate.
The filter paper can also be accessed and replaced without disturbing the
upper portion and only by removing the base holder.

SECTION A-A

Figure 6: Drawings of the lower part of the novel PM inertial impactor

3.2. Results of field evaluation, co-located sampling

The newly developed impactor and a conventional PM impactor
were run for co-located sampling on the terrace of the Environmental
building, IIT Kanpur for 4 hour at 15 LPM. After 4 hour of sampling,
both the impaction plates are taken out for comparison. With this new
arrangement, it formed four distinct deposition points on the impaction
surface. The total load generated from non-targeted particles forms a
singular point on the impaction surface of the conventional impactor
whereas with the off-centric arrangement, the same particulate load is
evenly distributed to four points. It is needless to say, in this case, the
loading at each distinct point is reduced. With simple visual comparison,
it is clearly seen that the 4 individual heaps formed from particle deposition
are of a much smaller size in comparison with the one single heap formed
at the conventional impactor.

4. Conclusion

Particle bounce off is an innately associated problem in impaction
based air sampling methodology and promotes errors in scientific research.
The problem was not in the impaction theory; it was in the design of the
impactor.In the development of this novel impactor, simple concepts like
load distribution has been used. Just by distributing the total captured
particulates into 4 different points, particle bounce off gets reduced. From
the visual comparison of the two impaction plates after sampling, it can
be stated that particle bounce off problem is now reduced. 4 spots from
the new impactor are clearly smaller than the single spot generated in the
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conventional one. This clearly indicates that less particle bounce off will
take place with this novel design. The solution is generic and can be
applied to any inertial impactor to achieve less particle bounce off. The
number of deposition points and the time interval can also be changed
according to the requirement.
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