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Abstract- A virtual impactor has been modeled analytically to separate small (micro range) aerosol
particles. In the current study, an approximate analytical expression relating to the collection efficiency and
mean aerodynamic diameter of particles collected has been developed, Three sets of design parameters
have been studied to investigate the effects of changes in solution concentration, collection probe diameter,
nozzle diameter and the distance between them to the particle size and collection efficiency. Effects of major
flows and minor flows have also been presented. It was found that, increasing solution concentration and
decreasing the total flow rates, increased the particle mean diameter rapidly in the minor flow. But the
interesting part is that, the particle mean diameter increased to a lesser extent as the rest parameters were

increased.
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1. INTRODUCTION

In a virtual impactor, mono-disperse acrosols are
separated from poly- disperse aerosols by virtual
impaction principle. The poly- disperse aerosol is made
to pass through an accelerating nozzle to increase its
velocity and instead of impaction on a flat plate, as in a
real impactor, the larger particles due to their higher
inertia of motion, pass through a collection probe and
form the minor flow. Inertial classification, gravitational
sedimentation, centrifugation and thermal precipitation
are the techniques that can be used to separate and collect
particles for subsequent analysis. Inertial classifiers,
which include real impactor, virtual impactor and
cyclones, are widely used in the sampling of particles.
Numerous inertial impactors have been designed and
reported in the literature with many of them being
commercially available. A dimensionless parameter, the
Stokes number, is the governing equation which decides
if a particle will strike the body or will follow the air
streamlines out of the impaction region and remain
airborne. The characteristics of virtual impactors have
been quoted by numerical solution of Navier-Stokes
equation and of particles motion equation and reported
the existence of a significant inner surface loss of the
collection probe at the cut-off size has also been reported
[1]. Without taking the viscous effects into account,
theoretical studies of virtual impactor have also been
carried out [2][3]. The theoretical analysis of a two
dimensional jet of ideal fluid impinging normally upon a
void has been made and compared the results with the

experimental observations [4]. The theoretical analysis
of Forney has been extended to include fluid deflecting
plates of finite length inclined at arbitrary angles () to
the incident jet [5]. Moreover, a two stage virtual
impactor with three parallel jets for the inlet stage and a
single jet for the second stage has been developed for
large scale monitoring of air born particulate matter [6].
A single jet high volume turbulent flow virtual impactor
was developed and operated at a flow rate of 500 Ipm and
an aerodynamic particle cut-point diameter of about 2 to
3 um [7]. The flow through acceleration nozzle was
calculated to be turbulent and this virtual impactor was
found to separate particles as efficiency as the
laminar-flow virtual impactor.

An improved virtual impactor that reduced the
contamination of fine particle by confining the aerosol
flow between a core of clean air and an enveloping
sheath of clean air has been designed and operated [8].
Improvement in the separation efficiency has been
quoted as the increase in the ratio of clean air flow rate to
aerosol flow rate continues. The separation efficiency,
however, fell below the predicted value if there was a
distortion of the annular aerosol flow. A stable and
precise separation of the aerosol particles was also
obtained [9]. The important design parameters which
influenced wall losses and separation characteristics of a
virtual impactor with a clean air core were also identified
experimentally [10]. It has been reported that a certain
throat length of the probe opening was required to exhibit
good separation characteristics. The flow velocity for a

© ICMERE2011



Reynolds number of 4000 by using finite element
method in an improved virtual impactor was theoretically
calculated too [11]. It was found that, spherical particle
losses were typically below 10% except foe 4-Spm
particles where the losses can reach 38% and for fibers;
losses did not exceed 30% but were present for all sizes.
Later the optimum diameter and position of the clean air
core has been determined experimentally in the virtual
impactor [12]. It was found that the clean air core
diameter should be at least twice as the converging
nozzle diameter and that the clean air core should be
positioned so that the ratio of the clean air flow to the
aerosol flow ranges from 1.5 to 5.0 at the outlet of the
clean air tube. Therefore, it is worth to note that, despite
many numerical analyses and  experimental
investigations have been conducted, no analytical
modeling of virtual impactor has been undertaken so far.
This is what the current work aims at.

2. STYLE OF APPROACH

At the outset, literature review has been carried out in
the relevant field. Later, the equations representing
physical model of impactor have been presented. In the
present study, the flow is assumed to be steady, uniform,
laminar and axisymmetric. Besides, density, viscosity
and temperature of the fluid remain constant throughout
the fluid passage. The streamlines following major flow
are assumed to be arcs of a circle with a certain radius
and the velocities of particle and fluid (air) parallel to

impactor axis are also presumed to be of same magnitude.

Then, results have been depicted in different diagrams.

3. THEORITICAL BACKGROUND
A schematic view of a virtual impactor and related
parameters are shown in Fig.1. The nozzle exit diameter,
collection probe inlet diameter and nozzle to collection
probe distance have been denoted by D, d and S
respectively.

Collection probe\A

Acceleration nozzle -—G—-’

— - - —

Fig.1: Simplified impactor model

The total flow rate, major flow rate and minor flow rate
are denoted by Q;, Q,, and Qs respectively. Figure 2
dictates a simplified impactor model along with some
important parameters. Particles travelling along a
circular streamline of the major flow experiences a
centrifugal force causing it to move towards the

collection probe. If these departures are slight, the
particle will depart from its original streamline with a
constant radial velocity V, while traversing curve part of
the streamline. Hence for slight departures:

V) = T e s e et e et e e et e et e e e e e (321)

Where 7 the relaxation time and «, is is the radial
acceleration of the particle.

Conical surface area for ¥2 —

I
Fig.2: Conical area for V, of major flow

Now radial deceleration at any elapsed time t can be
written as:

_ V_tz _1 _ (VE-vHt 12
I L v ove ) KA (32)
2_y2
Where, V, =V, — i) is the linear velocity of the

4mr(A+0.25)
particle at any time t and its direction is as shown in Fig.2.
Hence, from Eq. (3.1), the radial velocity at any time t
becomes:

_ (vt
4mr(A+0.25)

|4 =§[V1 12 (3.3)

Now, differential deviation of the particle from air
streamlines d§ during time dt is given by:

_ _T _ (VE-vit .2
dé = V.dt = r[Vl —4nr(A+O.25)] dt.............. .(3.4)
Hence, total deviation:
§ = AUV (3.5)

3(V1+V2)

Assuming the particle concentration (C) to be constant
over the whole cross section, the collection efficiency, Ej,
the fraction of entering particles that are collected, is
given by:

462 8mr(A+0.25)(V2 + V,V, + V2)

=7z =1 GD)(V;, + V) [ 66

Eq. (3.6) can also be expressed in terms of Stokes
number as:
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4r(Stk)(A + 0.25) (V2 + V,V, + VAT
EI=[7T( )( )(1 1V2 2) “(3.7)

RAZER)

Where, (Stk)f , the ratio of particle stopping distance

to nozzle radlus. If 6 is very small, the above Eq. takes
the form:

_ [m(Sti)(VE+V1 Vo +V§ )]
E, = [FE ) T RN (3.8)
= 2% ./ S
Now, 1, = 7z and, V; T(D+d)\[452+(D—d)?

Where Q) is the nozzle flow (total flow) and Q, is the
major flow through the conical area with velocity V,.
Letting, B= (D=d), Eq. (3.8) gives:

1.1(Stk)?
ok

0#B%{452+(D-d)?}+MBL+Q3D*
Q1B2%{452+(D-d)2}+Q,D2BL

E = [ e (3.9)

Where, M = Q,Q,D? and L = V452 + (D — d)?

Equation (3.9) can be expressed in the non-dimensional
form:

2 2
(%) J+ KN+ (%) ]2 (310)
B2

5) ] +KN

E, = 1.1(Stk)?[

Where,] = {4( ) + (D —d)?*}LK = QZB —and

N=ﬁ4(5)2+<5—1)}

2
Substituting in the Stokes number,7 = %, Eq.(3.10)

takes the following non-dimensional form:

_ PEDRVE [(%)21 RN (8_:)2
'™ 70.3u2D? (%)2] KN

]z.......................(3.11)

For a certain collection efficiency (let, E; = 10% ),

rearranging Eq. (3.11) yields:
05

(B)Z J+KN

(3) ]+1(N+(gz)

__ 196015

Dpa = Q03

4. RESULTS AND DISCUSSION

A review of Esq. (3.9)-(3.11) shows that Stokes
number is the relevant parameter for characterizing the
phenomena of virtual impactor. From the expression of
Stokes number, it is evident that the aerodynamic
diameter of the particle is proportional to +/(Stk) . All
relevant graphs therefore have been plotted with D), as a
parameter. The large particle collection efficiencies
obtained from Eq. (3.10) for various Stokes number and

for the base values of% = 1.5,% = 1.0, and % =0.9

1

have been displayed in Fig. 3 which reveals that large
particle collection efficiencies increase at higher values
of Stokes number.
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Fig.3: Large particle collection efficiency Vs. v Stk

Figure 4 compares analytical large particle collection
efficiencies obtained in the current study with the
experimental results reported by Loo and Cork (1978).
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Fig.4: Large particle collection efficiency Vs. vStk

Equation (3.12) gives the relation between
aerodynamic diameter of the particle for certain
collection efficiency and various parameters of the
virtual impactor. Different values of design parameters
used in this study are tabulated in table 1.

Table 1: Values of design parameters used in the study

D(cm) | Q,(Ipm) | d/D S/D Q./Q,
1 46 1.25 0.66 0.95
1.25" 56" 1.5" 1" 0.9"
1.7 66 1.87 1.5

“+” base

case

4.1 Effect of Probe Diameter (d):

The probe diameter ratio (d/D) was set at 1.25 and
1.87 besides its base value of 1.5. The aerodynamic
diameters of large particles collected are calculated by
Eq. (3.12) and plotted in Fig. 5 which confirms that as the
collection probe diameter increases, the particle
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aerodynamic diameters also increase slightly. The
particle aerodynamic diameter decreases with the
increase in total flow rate for all collection probe
diameters.
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Fig.5: Particle aerodynamic diameter vs. total flow rate

4.2 Effect of Nozzle to Probe distance(S):

Effects of S/D on aerodynamic diameter of large
particle collected have been realized from Eq. (3.12) and
depicted in Fig.6. It is observed from the Fig.4.4 that, as
the value of “S” increases, the aerodynamic diameter
increases very slightly.
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Fig.6: Particle aecrodynamic diameter vs. total flow rate

4.2 Effect of major flow rate:

Effects of major flow rate have been displayed in
Fig.4.5 which have been obtained from Eq. (3.12) with
Q,/Q,=0.95 and its base value of 0.9. The influence of Q,
on Dy, is almost negligible as shown in Fig.7. It is
interesting, however, to note that as the major flow
increases, the cut-off diameter increases whatever
smaller the value is. This might happen as because in that
case the particles have to overcome the resistance of
larger amount of air of major flow before entering into
minor flow.
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Fig.7: Particle aecrodynamic diameter vs. total flow rate

4.2 Effect of Nozzle Diameter (D):

The nozzle diameter was varied in accordance with
the values of 1.0 cm and 1.7 cm besides its base value of
1.2 cm while the other parameters were kept constant at
base values. The Reynolds number increases as the
nozzle diameter decreases and it is clear from the Fig.8
that the cut-off size decreases. The aerodynamic
diameter decreases from 14 pm at D=1.7 cm to about
6.33 um at D=1.0 cm for S/D=1. So, smaller nozzle
diameter is required to attain sharp cut-off size.
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Fig.8: Particle aerodynamic diameter vs. (S/D)

4.2 Effect of Total Flow Rate (Q,):

The effect of total flow rate on particle aerodynamic
diameter of large particles collected is mainly related to
flow Reynolds number through the nozzle. When any of
the above parameters increases, the velocity of flow
through nozzle increases and thereby increasing the
Reynolds number and hence, the mean aerodynamic
diameter of particles decreases.
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Fig.9: Particle aerodynamic diameter vs. (d/D)
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Fig.10: Particle aerodynamic diameter Vs. (S/D)

It is clear from Eq.3.12 that the effect of (D) on
aerodynamic diameter of particles is the reverse of (Q)).
The aerodynamic diameter of large particles was
evaluated by Eq.3.22 at different levels of (Q1) and is
featured in Fig.9 and Fig.10. Figure 9 and Fig.10 also
show that the cut-off diameter increases as the total flow
rate decreases which confirms the similarity of results
available in literature [14].

5. CONCLUSION:

An approximate analytical expression has been
developed relating to the collection efficiency and mean
diameter of particle collected with the relevant
parameters of a virtual impactor. The influence of nozzle
outlet and probe inlet diameters, nozzle to probe distance
and different flows on final particle size in minor flow
has been studied. The results show that most parameters
with the exception of nozzle outlet diameter and flows
through nozzle have little effect on the particle size in the
minor flow.
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8. NOMENCLATURE
Symbol | Meaning Unit
D nozzle exit diameter (m)
d Collection probe inlet (m)
diameter
S Probe to nozzle distance | (m)
Q. Total flow (Ipm)
Q; Major flow (Ipm)
V. Radial velocity (m/s)
T Relaxation time (s)
a, Radial acceleration (m/s?)
r Radius of curvature (m)
\A Initial linear particle (m/s)
velocity at nozzle
V5, Final linear particle (m/s)

velocity at major flow

Stk Stokes number Dimensio
nless
E, Large particle collection | (%)
efficiency
Dy Collected p‘artlf:le (um)
aerodynamic diameter
Pa Air density (kg/m®)
m Dynamic viscosity (kg/m/s)
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